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ABSTRACT 
 
 
 
The application of swine manure to agricultural fields increases the abundance of antibiotic 
resistance genes (ARG) and antibiotic resistant bacteria (ARB) in soils. While manure-
associated antibiotic resistant bacteria persist following application, there is potential for their 
transport through tile drainage. The environmental survival of bacteria in soil has been related 
to moisture and temperature, therefore differences in these environmental conditions between 
spring and fall soils may cause manure associated antibiotic resistance to behave differently 
following application. This encouraged exploring differences in the persistence of antibiotic 
resistant bacteria and antibiotic resistance genes in soil when manure is applied at different 
times of the year. In this paper, two analyses determined the persistence of five measures of 
antibiotic resistance in five agricultural systems. Half-lives and least-squared means of ARB 
and ARG in manured soils are compared to determine differences in ARB and ARG 
persistence between agricultural practices. Corn-soybean systems receiving manure in the early 
fall had longer half-lives than similar systems receiving manure in the late fall. This research 
would serve as a recommendation for agricultural practices which minimize the persistence of 
swine-manure associated antibiotic resistance. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
1.1 Introduction 
 
Swine manure plays an integral role in the allocation of resources within agricultural systems; 
the high N and P content may offset soil N and P losses during the growing season. N and P is 
taken from soil and allocated to plant biomass, ultimately ending up as livestock feed. Amending 
swine feed with growth promoting concentrations of antibiotics resulted in antibiotic residues, 
antibiotic resistant bacteria, and antibiotic resistance genes in livestock manure. which would 
ultimately be used as fertilizer for crop production. 
 
Managing anthropogenic influence on the spread of antibiotic resistant pathogenic bacteria is 
necessary to maintain the integrity of antibiotics used in medical and veterinary settings. The 
spread of manures containing antibiotics, antibiotic resistant bacteria, and antibiotic resistant 
genes is believed to have increased the availability of resistance genes to pathogens by increasing 
their occurrence in soil and water. While researchers have quantified the concentrations of ARB 
and ARG in various environments, how long they remain where we put them, or where they go 
is truly a mystery. This study will quantify persistence rates for resistant Enterococcus and four 
resistance genes to test if differences in management and application timing reduce the time 
ARB and ARG are present in manured fields.  
 
1.2 Goal and Objectives 
 
The goals of this study were to further understand factors which affect 1) the risk of transporting 
antibiotic resistance genes (ARGs) and antibiotic resistant bacteria (ARB) from fields receiving 
swine manure, and 2) how long manure associated ARB and ARG are elevated from background 
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soil concentrations following manure application. These goals were fulfilled through the 
following objectives: 
 
i. Comparing the persistence of antibiotic resistant bacteria and resistance genes 
between manure application timings. 
ii. Determining the effects of days after application, year, crop rotation and tillage (as 
system) on the persistence of antibiotic resistance. 
iii. Comparing the decay rates (k), of antibiotic resistant bacteria and antibiotic resistance 
genes between typical cropping systems and application timings. 
iv. Investigating if genotypic and phenotypic resistance persist differently. 
 
1.3 Hypothesis 
 
The hypotheses of this research were: 
 
i. Manure application timing has a significant effect on the persistence of antibiotic 
resistant bacteria and resistance genes. 
ii. Crop rotation and tillage have significant effects on the persistence of antibiotic 
resistant bacteria and resistance genes. 
iii. Culturable bacteria resistant to an antibiotic persist at different rates than genes 
conferring resistance. 
iv. Resistance to different classes of antibiotics will persist at similar rates. 
v. Manure-associated ARB and ARG persist longer following fall application than 
spring application. 
 
1.4 Thesis Organization 
 
This thesis is organized into three chapters. The first chapter is a general introduction to the 
research presented in later chapters; supplemental information in a literature review format 
contextualizes our study within the broad spectrum of environmental antibiotic resistance 
literature in chapter two. Chapter three follows a paper format and reports the results of our field-
scale soil monitoring experiments. 
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CHAPTER 2: 
A REVIEW OF LITERATURE RELAVENT TO UNDERSTANDING THE 
PERSISTANCE OF ANTIBIOTIC RESISTANT BACTERIA AND GENES IN SOILS 
RECEIVING SWINE MANURE 
Elliot Rossow, M.S. Student, Department of Agricultural and Biosystems Engineering, Iowa 
State University 
 
Midwestern agricultural landscapes house large shares of agricultural commodity markets; 
continued production of corn and soybeans has shaped Iowa into a leading producer of swine and 
poultry. Over 50 million tons of manure are produced annually by Iowan livestock industries, 
potentially to be applied as fertilizer in the spring and fall. Making use of on-site manure is in 
producers’ best interests, as it alleviates input costs and improves soil tilth. Using manure as 
fertilizer to grow corn and soybeans amends fields with nutrients essential in replacing the soil 
nutrients taken up by feed crops used for livestock production. Swine manure from facilities 
using antibiotics acts as a source of essential crop nutrition, but also introduces a microbial 
community rich with antibiotic resistance genes (Heuer et al, 2011). While the use of manure as 
fertilizer is beneficial for agricultural production, it has the potential to negatively impact human 
health through the spread of manure-associated pathogens, antibiotic residues, and compromised 
air quality.  
 
Studies of microbial communities in liquid swine manure have found wide distributions of 
antibiotic resistance genes. Zhu et al (2013) and reported 149 individual ARGs were present at 
commercial swine operations in China. Manure concentrations of individual ARGs range from 
106 (Marti et al, 2014) to 6.60 x 1011 (Cheng et al, 2016) copies g-1 manure. Total ARGs in 
manure have been reported as 1.6 x 1010 (Song et al, 2017), 1.27 x 1012 (Cheng et al, 2016), and 
6.79 x 1013 copies g-1 manure. Resistomes refer to all of the resistance genes within a specified 
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microbial population; manure resistomes vary between animal sources, livestock feed, and 
storage environments (Song et al, 2017). The persistence of ARGs from manure also vary 
between manure type and target gene (Fahrenfeld et al, 2014). In fields receiving swine manure, 
Chen et al (2017) reported 240 individual ARGs occurred in soils immediately after application. 
Knowing the diversity and abundancies of ARB and ARG prior to manure application and in 
other studies monitoring agricultural environments provides context for the research discussed in 
chapter three.  Literature pertaining to the persistence of ARGs in fields receiving swine manure 
is also reviewed. Several studies have conducted experiments comparable to, and therefore 
provide a frame of reference for ARB and ARG abundances, persistence rates, methodologies, 
and conclusions to those presented in our study.  
 
Three major topics related to the persistence of antibiotic resistance in soils will be addressed in 
this review: the abundance and persistence of resistant and non-resistant fecal indicator bacteria 
(specifically Enterococcus), the environmental reservoirs and persistence of antibiotic resistance 
genes, and the environmental determinants of resistance and persistence in soils and following 
manure application. These concepts are curiously connected, as phenotypic antibiotic resistance 
is conferred by antibiotic resistance genes, and manure-associated biota and ARGs persist more 
favorably in certain environmental conditions which further the possibility they are transported 
in tile drainage. Antibiotics in manure likely play a role in the persistence of ARB and ARG, 
however will not be addressed in detail for this review.  
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2.1 Antibiotics and Resistance 
 
The term ‘antibiotic’ was established shortly after Alexander Fleming discovered penicillin in 
1928. Antibiotics are substances produced by, or substance derived from microorganisms, which 
can be diluted and used to inhibit or kill another organism. They have been isolated from 
bacteria, protists, fungi, and plants. Biota developed antibiotics, or similar compounds early on in 
earth’s biological history. Antibiotics are not inherently dangerous at environmental levels. Their 
presence however, selects for resistant organisms by removing the ability of non-resistant 
organisms to reproduce. Antibiotics are separated into classes based on the way they disturb cell 
processes (table 1).  
Table 1. Classes of antibiotics common in livestock production (adapted from Congressional Research 
Service "Antibiotic Use in Agriculture: Background and Legislation".) 
     
Class 
Swine Disease 
Treatment 
Swine Growth 
Promotion 
Human Medicine 
Importance 
Mechanism of 
Action 
Cephalosporin X   critical 
Cell Wall Synthesis 
Inhibitor 
Fluoroquinoline     critical 
DNA Synthesis 
Inhibitor 
Penicillins X X high 
Cell Wall Synthesis 
Inhibitor 
Macrolide X X critical 
Protein Synthesis 
Inhibitor 
Phenicol     not 
Protein Synthesis 
Inhibitor 
Sulfonamide   X not 
Folic-Acid Synthesis 
Inhibitor 
Tetracycline X X high 
Protein Synthesis 
Inhibitor 
Lincosamide X   high 
Protein Synthesis 
Inhibitor 
 
 
 
Macrolide antibiotics such as erythromycin, tylosin, and tilmicosin reversibly bind to ribosomes 
and inhibit translation (Kannan et al, 2014); this restricts the accuracy of polypeptide chain 
formation and disrupts protein synthesis. Ribosomes’ integral role in protein synthesis and cell 
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activity makes them ideal targets for antibiotics. Functional groups on macrolide antibiotic 
compounds are attracted to the ribosome and target ribosomal RNA (Wilson, 2014).  Similarly, 
tetracycline antibiotics inhibit protein synthesis by binding to the 70S regional unit of the 
mRNA-ribosome complex, preventing the elongation cycle. tRNA is unable to find the 
ribosomal attachment-site when tetracycline is present (Roberts et al, 2016). Tetracyclines have 
been used extensively to treat human and animal disease and was previously a common feed 
addition for livestock growth promotion. The FDA outlawed the subtherapeutic use of antibiotics 
as growth promotors in the United States, effective January 1, 2017, however tetracycline and 
macrolide antibiotics are still used to treat bacterial infections in livestock.  
 
Antibiotics may occur naturally, be produced synthetically, or by soil organisms. Soil organisms 
produce antibiotics and are inherently resistant to those antibiotics (Davies and Davies, 2010). 
Over time, inherent microbial resistance, mutational resistance, and adapted resistance have 
propagated through bacterial populations and developed into the diverse array of antibiotic 
resistance genes known to researchers today. Antibiotic resistance genes (ARGs) provide 
bacteria biochemical mechanisms to inhibit an antibiotic compound’s toxic nature. Just as 
antibiotics have several mechanisms of action, and so do ARGs - bacteria have several 
mechanisms to render antibiotics ineffective (figure 1). Resistance mechanisms include efflux 
pumps, modification and mutation of antibiotic targets, reductions in antibiotics’ ability to target 
cell structures, and resistance to the influx of antibiotics in general. 
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Resistance genes are transferred between genera of bacteria on mobile genetic elements and 
spread within colonies and genera as chromosomal DNA. Individual resistance genes can be 
present in chromosomal DNA, on plasmids, transposons, or integrons (Allen et al, 2010) in a 
wide variety of bacterial taxonomic units. Kemper (2008) reported genes coding for resistance 
are more common as mobile genetic elements than in bacteria chromosomal DNA; chromosomal 
and plasmid DNA receive resistance genes from integrons and transposons. Mobile genetic 
elements like plasmids, integrons, and transposons spread evolutionarily-favorable phenotypic 
abilities through the environment in the presence of selective pressures. Increasing persistence of 
antibiotic resistance genes increases the potential for horizontal gene transfer by increasing the 
time they are available for transfer to other organisms, horizontally or vertically. Therefore, this 
study’s interest in the reduction of persistence of ARB and ARG looks to decrease both 
populations exported through erosion and tile drainage, as well as reduce the potential to spread 
Figure 1. Mechanisms of antibiotic resistance. Adapted from Wilson, D. N. Ribosome-
targeting antibiotics and mechanisms of bacterial resistance. Nat. Rev. Microbiol. 12, 35–48 
(2014). 
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resistance genes beyond the manure-associated community. The transferability of genetic 
information in soils is likely a partial driver of the persistence of resistance genes.  
 
This study focuses on four resistance genes: ermB, ermF, tetO, and tetM. The erm genes in this 
study are erythromycin resistance methylases; both conferring resistance to macrolide antibiotics 
by methylating regional subunits of ribosomal RNA (Roberts and Schwarz, 2016). The erm 
family comprises a group of homologous methylases that use S-adenosylmethionine (SAM) as 
the methyl donor to modify a single adenine residue in 23S rRNA to form either N6-mono- or hi-
methyladenine.  rRNA subunits are targeted by erythromycin and other structurally related 
antibiotics (Zhou, 2009). Chen et al (2007) noted a positive correlation between erm and tet 
genes in animal production environments. Among erm genes in livestock settings, ermB was the 
most abundant in bovine manure, swine manure, swine waste lagoons, and biofilters used to treat 
manure prior to field application. ErmF was also detected in each environment. Additionally, in 
the same manure environments tet genes followed the same patterns as erm genes. The authors 
partially attributed their similarity to a physical linkage between the genes, potentially being on 
the same plasmid distributed throughout populations or within the same bacteria throughout 
samples. 
 
TetM and tetO are in the ribosomal protection supergroup of tetracycline resistance genes; they 
code for proteins preventing tetracycline from binding to the ribosome. TetO preferentially 
interacts with the post-translocational ribosome and induces a conformational change in the 
ribosome which both releases tetracycline and prevents later binding (Connell et al, 2003). TetL, 
an efflux pump gene, requires a proton to be imported across the cell membrane in exchange for 
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the export of a tetracycline-cation complex (C. Roberts, 1996). TetL is active at lower 
concentrations of tetracycline relative to TetM (Ammor et al, 2008), suggesting efflux pumps are 
more important at low antibiotic concentrations. TetM is a ribosomal protection protein which 
allows aminoacyl-tRNA to bind to the ribosome when tetracycline is present at inhibitory levels 
(Burdett et al, 1996). Resistance conferred by efflux pump genes does not destroy the antibiotic 
compounds, but rather releases them into the environment.  This could be important in 
understanding the pressures of antibiotic residues on which mechanisms are most common in the 
environment.  
 
2.2 Agricultural uses of antibiotics 
 
The global consumption of antibiotics in food animal production was estimated at 63151 tons in 
2010 and is likely to exceed 105000 tons by 2030 (Van Boeckel et al, 2015). Antibiotic use in 
food production is not spread equally among countries significantly contributing to global 
livestock production; China, the United States, and Brazil use over 40% of the volume of 
antibiotics used in animal production (Gonzalez-Ronquilllo and Angeles-Hernandez, 2016). The 
use of antibiotics in animal production has proven benefits in the health and production of 
animals and has been shown to reduce foodborne pathogens (Mathew et al, 2007). The benefits 
of antibiotic use in animal production are clear when guidelines are followed, however overuse 
or misuse results in antibiotic accumulation in animals and the environment.  
 
Antibiotic use in livestock production has been a topic of scientific and legislative discussion 
since researchers began investigating their widespread use’s risk to human health in the early 
1940’s. Antibiotic use in livestock can be separated into three categories: therapeutic use against 
infection disease, prophylactic use for prevention of infection animal diseases, and as feed 
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additives to improve feed utilization and animal production. Hughes and Heritage (2004) defined 
antibiotic growth promoters as any medicines that destroy or inhibit bacterial growth and are 
administered at a low subtherapeutic dosage; consumer demand and production intensification 
has pushed producers to be more efficient with their feed resources.  
 
Classes of antibiotics used at subtherapeutic levels and which are relevant to human health 
included macrolides, tetracyclines, and ionophores (Philips et al, 2004). Sulfamethazine, 
tetracycline, chlortetracycline, and tylosin have been transferred from manure to soil at bioactive 
concentrations in the US and Europe (Heuer et al, 2011). Chang et al (2015) identified 
uncertainties when connecting agricultural uses of antibiotics to immediate threats to human 
health; their study outlines pathways of resistance from agriculture which threaten the utility of 
antibiotics to humans. The most likely pathway discussed is humans encountering pathogens 
with agricultural origins when ingesting contaminated food or water from environments with 
elevated levels of resistant bacteria. The transfer of resistance to commensal organisms is another 
problematic pathway, as the commensal organism may interact with pathogens after acquiring 
resistance. These two pathways have traceable molecular markers and are documented routes of 
antibiotic resistance acquisition in human pathogens. A third, problematic pathway for antibiotic 
resistance stems from resistance genes and horizontal gene transfer to environmental reservoirs 
of pathogens pertinent to human health. Chang et al (2015) suggest this is potentially the most 
important, and most difficult pathway of resistance to understand. Martinez (2012) suggests 
physical proximity of pathogens and resistant bacteria, the presence of resistance determinants, 
and direct connections to humans are bottlenecks in the transferability of antibiotic resistance to 
pathogens pertinent to human health. 
11 
 
 
 
2.3 Environmental reservoirs and persistence of Enterococcus 
 
This study uses enterococci to assess the viability of manure-associated ARB in the environment 
following manure application. Therefore, literature about their survival in the environment and 
previous uses as fecal indicators in soil environments is discussed in the following section of this 
review. From this point forward, ‘enterococci’ will refer to any species of Enterococcus.  
 
Enterococcus faecalis was previously classified as Streptococcus faecalis, and a breadth of 
studies published referring to enterococci as Streptococcus faecalis provides further context for 
understanding enterococci surveil in soils. Enterococcus faecalis and Enterococcus faecium are 
gram-positive, facultative anaerobic opportunistic pathogens (Fair and Tor, 2014) which are 
collectively referred to as enterococci in this study. The research conducted in our study uses 
enterococci as a metric to track the persistence of manure-associated bacteria; enterococci, 
enterococci resistant to tetracycline, and enterococci resistant to tylosin at breakpoint resistance 
concentrations (16 ppm, 32 ppm, respectively) were used to estimate the persistence of manure-
associated resistant bacteria. The following information gives context to our methods, 
hypotheses, and experimental design. 
 
Enterococci naturally inhabit human and animal intestinal tracts and occur naturally in a broad 
range of environments including, but not limited to: soils, sediments, vegetation, rivers and 
streams (Byappanahalli et al, 2012). They are a commonly used as indicators for fecal 
contamination of water resources, as well as approximations of pathogens and general health 
risks. Using enterococci as indictors in soil environments to track manure-associated 
contamination is particularly well-suited for our study because of their survival in environments 
outside of intestinal tracts and at a broad range of temperatures. Environmental factors 
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determining the survival of manure-associated enterococci in midwestern soils likely include 
starvation after transitioning to the soil habitat, predation by grazing protozoa, infection by 
bacteriophages, and symbiotic relationships with the soil and plant microbial communities.  
 
Van Donsel et al (1967) reported seasonal differences in the survival of fecal enterococci; the 
study observed the survival of fecal coliforms and enterococci in soils in Ohio during the spring, 
summer, fall, and winter. The authors suggested moisture, temperature, pH, rainfall, and organic 
matter as key factors influencing their survival. Therefore, these properties likely influence the 
survival of resistant enterococci and their ARGs in agricultural systems. Van Donsel discusses 
early research on the survival of fecal bacteria in various soils; 90% reductions in fecal coliforms 
and enterococci ranged from 1-3 days in sand, 5-25 days in loam, and 3 days in sewage-soil 
slurry. Shorter persistence rates occurred in dry conditions; most studies reported longer survival 
in wet conditions. In the Von Donsel et al (1967) study, 3.8 x 1011 to 1.8 x 1012 streptococci were 
applied to a square meter of soil and were monitored to determine the survival of streptococci. 
They found within a season, organisms had very similar patterns of persistence. Streptococci 
persisted longest in winter, followed by spring, autumn, and summer.  
 
2.4 Environmental reservoirs and persistence: measures of antibiotic resistance 
 
Investigating the fate and transport of ARB and ARGs in Iowan agricultural systems receiving 
swine manure is important because of their potential to impact public health. Tile drainage from 
fields receiving swine manure transports ARB and ARG from manured soils to tile-fed 
waterways and water bodies throughout Iowa (Luby et al, 2016). Elevated ermB and ermF 
concentrations in tile drainage can be attributed to swine manure application, however resistant 
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enterococci were seldomly detected in the same drainage (Luby et al, 2016). The authors suggest 
horizontal gene transfer to indigenous soil bacteria caused ARGs to be detected in drainage more 
frequently relative to manure-associated ARB. The disparity between ARB and ARG transport in 
tile drainage from manured systems suggests ARGs may persist differently in soil reservoirs than 
manure-associated ARB. Both ARB and ARG have been used to approximate manure-associated 
resistance, therefore understanding differences in their behaviors in soil following application 
may help determine how differently measures of antibiotic resistance compare and which factors 
drive shorter survival. With the appropriate measurements and models, the persistence of 
manure-associated resistance in-field practices can be compared.  
 
Viable ARB potentially further spread ARGs through reproduction and horizontal gene transfer 
to nearby bacteria. Alternatively, ARGs in soil occur in viable and non-viable cells, as 
extracellular DNA, and on mobile genetic elements (Allen et al, 2010). Therefore, understanding 
environmental factors affecting the persistence of manure-associated bacteria and extracellular 
DNA provide context for the persistence of ARB and ARG. Extracellular ARGs make up a 
significant portion of the total ARGs in waste water (Zhang et al, 2018) and therefore, a similar 
phenomenon likely occurs in manure and soils. Because extracellular DNA contributes up to 40 
% of soil DNA (Carini et al, 2016), the occurrence of ARGs as extracellular soil DNA in soils 
receiving swine manure is very likely. Extracellular ARGs can be distributed within soil 
communities by integrons and soil bacteria (Gillings et al, 2008), putting them at risk to interact 
with pathogenic bacteria. We assume ARGs do not provide additional fitness beyond antibiotic 
resistance, as ARB are demonstrably less fit than their non-resistant counterparts in 
environments without antibiotics (Lenski, 1998). Pertinent biological and physio-chemical 
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environmental factors known to affect the persistence of non-resistant bacteria and DNA are 
addressed in this review. 
 
Bacteria carrying resistance genes are transported the same way as any bacteria– physical 
movement of water, soil, air, animal, and human vectors transport organisms and their associated 
resistance. Additional pools of resistance that may also serve as vectors include human activity 
and wildlife having encountered high concentrations of ARGs and ARB from anthropogenic 
wastes such as sewage sludge, medical wastes, and manures serves as both sources and vectors 
of resistance (Allen et al, 2010). Pachepsky et al (2006) suggests a deep understanding of 
infiltration, partitioning, adsorption, and biological growth and die-off will aid in developing 
manure management practices with minimal risk of transporting pathogenic bacteria outside 
agricultural systems. The research we conduct in this study suggests the environmental factors 
varying between seasons impacts the decay rate of manure-associated ARB, ARG, and antibiotic 
residues. Generalized seasonal trends of environmental conditions may be more useful for 
predicting region-wide transport of both manure-associated pathogens and antibiotic resistance 
following manure application, rather than an understanding of the micro-scale processes 
influencing bacterial growth and die-off in specific soils and field conditions.  
 
Water movement is the primary mechanism transporting manure-associated contaminants in 
agricultural soils (Pachepsky et al, 2006). Bacteria and antibiotic residues are attached to soil 
particles, suspended water held at soil surfaces, and on colloidal surfaces (Wegst-Uhrich et al, 
2014). Xenobiotics and bacteria suspended in solution or attached to soil surfaces (clays, organic 
matter, etc.) are potentially transported from agricultural ecosystems through erosion, runoff, 
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attachment to crops at harvest, and animals. Water contents of arable soils in Iowa increase with 
rainfall, and by relation, so do soil volumes occupied by bacteria. Roughly half of agricultural 
land in Iowa is tile-drained, which decreases hydrologic retention and increase oxygen levels 
while lowering the water table. These conditions potentially impact the transport and survival of 
manure-associated ARB and ARG by decreasing ARB and ARG residence time in soils and 
providing a more direct pathway to water bodies. A previous field-scale study of manure-
associated ARG and ARB suggest little to no overland transport and soil type likely having a 
significant role in the transport and persistence of transport (Fahrenfeld et al, 2014). The 
transport of antibiotic resistant genes in tile water at our field site has been reported in fields with 
and without swine manure application by Luby et al (2016) and Garder et al (2014). Erm gene 
concentrations in tile drainage from non-manured plots at the Northeast Iowa Research and 
Extension Farm (NERF) have been reported between 3.1 x 103 and 9.0 x 103 copies ermB 100 
mL-1 and between 6.35 x 104 and 2.4 x 105 copies ermF 100 mL-1. 
 
Microbiological communities with diverse resistance to antibiotics inhabit soils (Cytryn, 2013), 
animal microbiomes (Allen et al, 2010), freshwater (Zheng et al, 2017) and marine (Tamminen 
et al, 2009) environments. Andersson et al (2011) note that acquired antibiotic-resistance traits 
are also frequently found in bacteria isolated from humans and animals without prior exposure to 
antibiotics. Soil environments exposed to animal manures have increased occurrence and 
diversities of resistance and may serve as sources of resistance to connected water bodies (Luby 
et al, 2016). Animal manures constitute the major reservoirs of antibiotic resistance from 
livestock production (Chen et al, 2007). Sewage and animal wastes from livestock production 
serve as pools of resistance at high risk to spread, partially due to the presence of undigested 
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antibiotics and metals which select for resistance (Seiler et al, 2012). When comparing sources of 
ARB and ARG, manure contained higher concentrations of erm genes than bovine manure, and 
composting swine manure reduced concentrations; manure from swine waste lagoons had similar 
concentrations to swine manure samples (Chen et al, 2007). A selective pressure giving utility to 
a gene increases its transfer between organisms; this suggests the presence of manure-sourced 
antibiotic residues increase the likelihood of transfer of resistance among manure-sourced 
organisms. Plasmid-hosted ARGs are transformed into nearby bacteria if genes on the plasmid 
are activated by environmental stresses (Cytryn, 2013); ARGs and heavy metal resistance genes’ 
correlation with mobile genetic elements has been well documented (Knapp et al, 2011;  Di 
Cesare et al, 2016) and are co-selected in agriculturally impacted soil and water (Seiler and 
Berendonk, 2012).  
 
Most resistance mutations have a fitness cost. Decreases in fitness result in slower growth rates, 
reduced survival in the stationary phase, and lower virulence in vivo (Andersson and Hughes, 
2011). Fitness-costs of antibiotic resistance have been discussed thoroughly by Melnyk et al 
(2015), although a knowledge gap surrounds why ARGs persist in bacterial populations without 
selection pressures.  Harboring ARGs in chromosomal and plasmid DNA comes at a cost to 
organisms by changing the natural flow of biological functions. Changes in the ribosome 
structure and motility of bacteria caused by antibiotic resistance mechanisms decrease fitness and 
the energy expended to create and maintain resistance mechanisms requires cell anabolites that 
could be used for other biological functions.  Once ARGs have spread through a bacterial 
population, Andersson and Hughes (2011) suggest there are two primary mechanisms to reduce 
ARG abundance: dilution and manipulating fitness costs associated with resistance. In open 
17 
 
 
 
systems, reducing the input of ARGs and increasing the input of non-resistant bacteria may result 
in decreased abundance by diluting the resistant fraction of the bacterial community; in closed 
systems, resistant organisms with high fitness costs will be outcompeted when the selection 
pressures from antibiotics are decreased. Beyond the selection pressure from antibiotics in 
manure, Andersson and Hughes (2011) also suggest seven environmental factors which further 
influence ARGs to persist in agriculturally impacted systems: 
 
1. Direct selection for resistance in the presence of antibiotics above minimum inhibitory 
concentrations (MICs). 
2. Selection of bacteria at antibiotic concentrations below MIC which may inhibit the 
growth of certain species. 
3. Coselection between resistance genes (within genetic elements and within clones).  
4. Cost-free resistance. 
5. Fitness-increasing resistances. 
6. Compensatory evolution reduces costs and allows maintenance even without selective 
pressure. 
7. Plasmid persistence. 
 
These factors may also vary seasonally and therefore would impact the persistence of ARB and 
ARG in soils receiving manure at different times of the year. The persistence of plasmids is 
important to understand when discussing mitigating the spread of ARGs, as plasmids regularly 
host genes selected by environmental pressures beyond antibiotic residues which give organisms 
reason to retain the entire plasmid. The persistence of plasmids is also influenced by the 
connectivity of the soils receiving manure; to transfer genetic information horizontally bacteria 
must be close to one another, however proximity is irrelevant in vertical gene transfer.  
Andersson and Hughes (2011) suggests the reversal of established resistance will be slow in 
clinical and agricultural environments, as adaptive evolution offers a route for communities to 
reduce the fitness cost of resistance over generations and throughout populations. However, 
additions of ARB and ARG face ecologically harsh soil environments which will vary in 
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composition based on the time of year; their persistence is not only based on an individual 
organism’s ability to survive, but the environment’s response to an influx of manure-associated 
nutrients and organisms.  
 
The spread of manure-associated resistance in soils is at least partially mediated by the 
indigenous soil biota (Chen et al, 2017), therefore agricultural practices promoting diverse and 
resilient communities may minimize the transfer of ARGs. Soil conditions, existing microbial 
communities, the separation of donor and recipient strains, presence of nutrients, selective 
pressures, temperature, and soil type significantly affected the rate of gene transfer in microcosm 
studies (Hill and Top, 2006). Antibiotic residues and resistant bacteria are at elevated levels in 
soils receiving swine manure for variable periods within the weeks after manure application 
(Garder et al, 2014, Luby et al. 2016), providing donor strains, an abundance of nutrients, and the 
selective pressure of antibiotic compounds. Differences in the persistence of manure-associated 
ARB and ARG may be predictable based on the season or environmental conditions manure is 
applied. Relating seasonal changes in environmental conditions to shorter persistence’s of ARB 
and ARG would reduce the risk of transporting them in runoff. By offering a timing and crop 
rotation with shorter periods of increased ARB and ARG, the potential for transporting them 
offsite is reduced. Seasonal variability in rainfall patterns should also be considered when the 
transport of ARB and ARG is discussed. 
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Studies reporting erm and tet genes in agronomic environments suggest agricultural soils range 
between 103 and 105 copies g-1 dry soil for common ARGs (Luby et al, 2014, Garder et al, 2014). 
Fahrenfeld et al (2014) performed a mass-balance analysis of soil- and tile-associated ARG 
loaded by two kinds of manure application – swine slurry and dry stack bovine manure, to 
investigate the transport of ARG following application. Their study observed peak abundances of 
ARG the day after application in swine slurry systems, and 13 days after application for the dry 
stack systems. They suggest the moisture content of the amendment played some role in the 
discrepancy in peak concentrations, and that both peaks were common for the type of manure. In 
figure 2 (adapted from Fahrenfeld, 2014), the relative abundance of ermF appears to decrease 
linearly, alluding to liquid swine manure-associated ARGs adhering to the commonly used first-
order decay of bacterial populations. Decay coefficients estimated the persistence of ermF 
relative to 16S-rRNA copies as log(ermF copies/16S-rRNA copies) day-1. Determining decay 
rates between varying soil and environmental conditions at different times of the year will 
provide valuable insight to predicting the behavior of ARB and ARG in agronomic systems. 
Marti et al (2014), Luby et al (2016), Garder et al (2014), and Chen et al (2010) used similar 
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qPCR methods to quantify ARGs in soil receiving either swine or dairy manures, making their 
findings comparable to one another. These conditions will be replicated in this study. 
 
Marti et al (2014) estimated ermB was present in 2-4% of soil bacteria by relative abundance to 
16S-rRNA copies g-1 the day after spring applications. In soils the day following fall application, 
relative abundances of ermB were estimated between 0.01 - 0.03% - a notable decrease from 
spring soils, which suggests seasonal differences in the behavior of manure-associated ARGs in 
soil communities. This could be explained by larger bacterial populations obscuring the relative 
abundances of ARGs in the fall, or vice-versa - lower bacterial populations in the spring which 
are primarily composed of manure-associated bacteria. Abundances of labile nutrients and more 
stable climatic conditions following harvest may favor the development of indigenous soil 
microbial communities prior to manure application. 
 
Swine manure applied at NERF had ARG concentrations ranging from 106 to 109 copies wet g-1 
swine manure - manures between spring and fall had 100-fold differences in ARG concentration 
(Luby et al, 2016, Garder et al, 2014). These are consistent with absolute abundances reported in 
Chen et al (2007), in which swine manure had lower ARG concentrations than lagoon storage 
pits, and contained ermB and ermF at 2.05 x 109, and 1.54 x 109 copies /g manure, respectively. 
Marti et al (2014) estimated the total loaded ARGs from manure ranged from 104 to 107 copies/g 
the day of application, with ARG abundances varying by gene target. The authors found sul1 to 
be more abundant than ermB in control soils. ErmB was near 104 copies/g soil at each sampling. 
Genes quantified following spring manure application followed a first-order decay, which 
indicated their destruction (Marti et al, 2015). However, increases in ARB or ARG concentration 
following application could be manure-associated or soil-mediated changes. The authors suggest 
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further studies characterizing gene abundance in time following manure application are needed 
to further understand and mitigate antibiotic resistance in manure-amended soils.  
 
Decay rate constants published in and determined from previous studies (table 2) produced half-
lives for swine manure associated ARGs which ranged from 5 to 67 days (Fahrenfeld et al, 2014; 
Marti et al, 2014). Trends in relative abundances of ermB, sul1, strB, and int1 fit first order decay 
models well (R2 > 0.4). The longest half-lives were observed in systems receiving fall manure 
post-harvest by Marti et al (2015) and were considerably longer than those reported by 
Fahrenfeld et al (2014). The US National Organic Program dictates a 120 days lag period 
between manure application and crop harvest for products with edible portions in direct contact 
with manure. Ninety days are recommended for crops with non-direct contact with manured soils 
following application (Code of Federal Regulations, 2013). Marti et al (2013) found these times 
were not sufficient to return soils to background levels before harvest. 
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ARG Manure Year t1/2 R2 k Intercept Publication 
sul1 Fall Swine 2012 68.0 0.52 -0.0102 -10.41 
Marti et al, 2015 
ermb Fall Swine 2012 49.5 0.44 -0.014 -4.35 
ermb Spring Swine 2013 46.2 0.50 -0.015 -2.30 
strB Spring Swine 2013 34.7 0.58 -0.02 -7.26 
int1 Fall Swine 2012 33.0 0.66 -0.021 6.23 
ermb Spring Swine 2012 28.9 0.78 -0.024 -1.67 
strB Spring Swine 2012 28.9 0.78 -0.024 -1.67 
sul1 Spring Swine 2012 26.7 0.76 -0.026 -1.37 
sul1 Spring Swine 2013 21.0 0.60 -0.033 -1.37 
sul1 Fall Swine 2013 5.0 0.49 -0.14 -1.9 
Fahrenfeld et al, 
2014 
sul2 Fall Swine 2013 4.1 0.80 -0.17 -1.5 
sul2 Fall Dry Stack 2013 1.4 0.86 -0.48 -0.12 
sul1 Fall Dry Stack 2013 1.3 0.78 -0.54 -0.13 
ermF Fall Dry Stack 2013 0.5 0.92 -1.5 -1.8 
ermF Fall Swine 2013 0.2 0.93 -3.5 5.6 
 
 
2.5 REVIEW CONCLUSIONS 
 
The ability of researchers to capture traces of manure associated resistance in such microbially-
rich environments is not only impressive, it is somewhat unexpected given the diversity of 
biological processes occurring in agricultural soils throughout the year. The research discussed in 
this review frames ARGs as a problem which will persist so long as we use antibiotics in 
agricultural operations. Manure-associated ARB host a diverse suite of ARGs allowing them to 
survive antibiotic concentrations present in their environment. Multiple classes of resistance 
genes have potential pathways to disseminate into the environment following manure 
application. Horizontal gene transfer of ARGs occurs when antibiotics are present, and the 
propagation of resistant bacteria replicates ARGs as chromosomal DNA and those present on 
plasmids. Manure-associated ARB and ARG are transported from agricultural fields via tile 
Table 2. Half-lives and decay rate constants from Marti et al (2015) and Fahrenfeld et al (2014). Relative 
abundances of ARGs were used to determine decay rate constants. 
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drainage, but ARGs are also present in fields which do not receive manure likely in organisms 
capable of producing antibiotics or those which carry a plasmid with resistance genes. The 
persistence of enterococci in soil has been previously linked to soil moisture, temperature, pH, 
rainfall, and organic matter content. Various types of DNA (plasmid, 16S-rRNA, chromosomal) 
have been linked to similar environmental variables, but ARGs have not been exclusively studied 
in those environmental contexts. Soil moisture, temperature and rainfall are continuously 
changing conditions that follow seasonal trends. Seasonal differences in these conditions, and 
soil microbiota potentially result in differences the persistence of ARB and ARG. Studies by 
Marti et al (2015) and Fahrenfeld et al (2014) provide some estimations of the persistence, fate 
and transport of ARGs; half-lives of ARGs in their studies ranged from 0.2 to 68 days and 
appeared to follow seasonal trends, although authors did not quantify differences between 
seasons in either study. These studies created an opportunity to fill a knowledge gap by testing to 
see if differences in persistence rates exists between application timings in the spring and fall. 
Our research includes studies of the early fall, late fall, and spring.  
 
Our hypothesis that manure applied at different times of the year results in different rates of 
persistence is supported by experiments demonstrating seasonal differences in the survival of 
bacteria (Van Donsel et al, 1967). Resistance genes are abundant in the environment and 
antibiotic residues present in manures encourage the spread of ARGs by selecting for resistant 
bacteria and through horizontal gene transfer. We assume the longer ARB persist, the longer 
resistance genes can be transferred to nearby bacteria through horizontal gene transfer and 
transported outside agricultural systems. Half-lives (table 2) calculated for fall and spring 
applications based on Marti et al (2015) and Fahrenfeld et al (2014) also suggest seasonal 
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differences of ARG. The mean half-lives of ARG relative abundances following swine manure 
application in spring and fall were 33.7 d, and 26.6 d, respectively. Our study quantifies seasonal 
persistence of ARG in a similar manner while emphasizing statistical differences between 
agricultural systems. We hypothesize that differences in microbial interactions, physico-chemical 
soil conditions, seasonal climatic trends, and ARG abundances in swine manure vary at separate 
times of the year, and these differences result in variation in the persistence of manure-associated 
ARB and ARG.  
 
With the knowledge in this review in mind, there are still unanswered questions, foremost, can 
spreading resistance genes to pathogens be minimized by applying at different times of the year? 
 
 
 
Citations 
Allen, H., and J. Donato, H.H. Wang, K.A. Cloud-Hansen, J. Davies, and J. Handlesman. 2010. 
Call of the wild: antibiotic resistance genes in natural environments. Nat. Rev. Microbiol. 
8(4): 251–259. doi: 10.1038/nrmicro2312. 
Ammor MS, Gueimonde M, Danielsen M, et al. 2008. Two Different Tetracycline Resistance 
Mechanisms, Plasmid-Carried tet(L) and Chromosomally Located Transposon-Associated 
tet(M), Coexist in Lactobacillus sakei Rits 9 . Applied and Environmental Microbiology. 
74(5):1394-1401. doi:10.1128/AEM.01463-07. 
 Andersson, D.I., and D. Hughes. 2011. Persistence of antibiotic resistance in bacterial 
populations. FEMS Microbiol. Rev. 35(5): 901–911. doi: 10.1111/j.1574-
6976.2011.00289.x. 
Burdett, V. (1996). Tet(M)-promoted release of tetracycline from ribosomes is GTP dependent. 
Journal of Bacteriology, 178(11), 3246–3251. https://doi.org/10.1128/JB.178.11.3246-
3251.1996 
 Byappanahalli, M.N., M.B. Nevers, A. Korajkic, Z.R. Staley, and V.J. Harwood. 2012. 
Enterococci in the Environment. Microbiol. Mol. Biol. Rev. 76(4): 685–706. doi: 
10.1128/MMBR.00023-12. 
25 
 
 
 
 Carini, P., P.J. Marsden, J.W. Leff, E.E. Morgan, M.S. Strickland, and N. Fierer. 2016. Relic 
DNA is abundant in soil and obscures estimates of soil microbial diversity. Nat. Microbiol. 
2(0): 1–6. doi: 10.1038/nmicrobiol.2016.242. 
Chang, Q., W. Wang, G. Regev-Yochay, M. Lipsitch, and W.P. Hanage. 2015. Antibiotics in 
agriculture and the risk to human health: How worried should we be? Evol. Appl. 8(3): 
240–247. doi: 10.1111/eva.12185. 
 Chen, J., Z. Yu, F.C. Michel, T. Wittum, and M. Morrison. 2007. Development and application 
of real-time PCR assays for quantification of erm genes conferring resistance to macrolides-
lincosamides-streptogramin B in livestock manure and manure management systems. Appl. 
Environ. Microbiol. 73(14): 4407–4416. doi: 10.1128/AEM.02799-06. 
Chen, Q.L., X.L. An, H. Li, Y.G. Zhu, J.Q. Su, and L. Cui. 2017. Do manure-borne or 
indigenous soil microorganisms influence the spread of antibiotic resistance genes in 
manured soil? Soil Biol. Biochem. 114: 229–237. doi: 10.1016/j.soilbio.2017.07.022. 
 Cheng, W., J. Li, Y. Wu, L. Xu, C. Su, Y. Qian, Y.G. Zhu, and H. Chen. 2016. Behavior of 
antibiotics and antibiotic resistance genes in eco-agricultural system: A case study. J. 
Hazard. Mater. 304: 18–25. doi: 10.1016/j.jhazmat.2015.10.037. 
Connell, S.R., C.A. Trieber, G.P. Dinos, E. Einfeldt, D.E. Taylor, and K.H. Nierhaus. 2003. 
Mechanism of Tet(O)-mediated tetracycline resistance. EMBO J. 22(4): 945–953. doi: 
10.1093/emboj/cdg093. 
Cytryn, E. 2013. The soil resistome: The anthropogenic, the native, and the unknown. Soil Biol. 
Biochem. 63: 18–23. doi: 10.1016/j.soilbio.2013.03.017. 
Davies, J., and D. Davies. 2010. Origins and Evolution of Antibiotic Resistance. Microbiol. Mol. 
Biol. Rev. 74(3): 417–433. doi: 10.1128/MMBR.00016-10. 
Di Cesare, A., E.M. Eckert, S. D’Urso, R. Bertoni, D.C. Gillan, R. Wattiez, and G. Corno. 2016. 
Co-occurrence of integrase 1, antibiotic and heavy metal resistance genes in municipal 
wastewater treatment plants. Water Res. 94: 208–214. doi: 10.1016/j.watres.2016.02.049. 
Fahrenfeld, N., K. Knowlton, L.A. Krometis, W.C. Hession, K. Xia, E. Lipscomb, K. Libuit, 
B.L. Green, and A. Pruden. 2014. Effect of manure application on abundance of antibiotic 
resistance genes and their attenuation rates in soil: Field-scale mass balance approach. 
Environ. Sci. Technol. 48(5): 2643–2650. doi: 10.1021/es404988k. 
Fair, R.J., and Y. Tor. 2014. Perspectives in Medicinal Chemistry Antibiotics and Bacterial 
Resistance in the 21st Century. Perspect. Medicin. Chem.: 25–64. doi: 
10.4137/PMC.S14459.Received. 
Garder, J.L., T.B. Moorman, and M.L. Soupir. 2014. Transport and Persistence of Tylosin-
Resistant Enterococci, Genes, and Tylosin in Soil and Drainage Water from Fields 
26 
 
 
 
Receiving Swine Manure. J. Environ. Qual. 43(4): 1484-1493. doi: 
10.2134/jeq2013.09.0379. 
Gillings, M., Y. Boucher, M. Labbate, A. Holmes, S. Krishnan, M. Holley, and H.W. Stokes. 
2008. The evolution of class 1 integrons and the rise of antibiotic resistance. J. Bacteriol. 
190(14): 5095–5100. doi: 10.1128/JB.00152-08. 
Gonzalez Ronquillo, M., and J.C. Angeles Hernandez. 2016. Antibiotic and synthetic growth 
promoters in animal diets: Review of impact and analytical methods. Food Control. doi: 
10.1016/j.foodcont.2016.03.001. 
 Heuer, H., H. Schmitt, and K. Smalla. 2011. Antibiotic resistance gene spread due to manure 
application on agricultural fields. Curr. Opin. Microbiol. 14(3): 236–243. doi: 
10.1016/j.mib.2011.04.009. 
Hill, K. E. and M. Top, E. (1998), Gene transfer in soil systems using microcosms. FEMS 
Microbiology Ecology, 25: 319-329. doi:10.1111/j.1574-6941.1998.tb00483.x 
 Hughes, P. and Heritage, J., 2004. Antibiotic growth-promoters in food animals. FAO Animal 
Production and Health Paper, pp.129-152.  
Kannan, K., P. Kanabar, D. Schryer, T. Florin, E. Oh, N. Bahroos, T. Tenson, J.S. Weissman, 
and A.S. Mankin. 2014. The general mode of translation inhibition by macrolide antibiotics. 
Proc. Natl. Acad. Sci. 111(45): 15958–15963. doi: 10.1073/pnas.1417334111. 
Knapp, C.W., S.M. McCluskey, B.K. Singh, C.D. Campbell, G. Hudson, and D.W. Graham. 
2011. Antibiotic resistance gene abundances correlate with metal and geochemical 
conditions in archived Scottish soils. PLoS One 6(11). doi: 10.1371/journal.pone.0027300. 
Kemper, N. 2008. Veterinary antibiotics in the aquatic and terrestrial environment. Ecol. Indic. 
8(1): 1–13. doi: 10.1016/j.ecolind.2007.06.002. 
Lenski, R.E. 1998. Bacterial evolution and the cost of antibiotic resistance. Int. Microbiol. 1(4): 
265–270. doi: 10.2436/im.v1i4.27. 
Luby, E.M., T.B. Moorman, and M.L. Soupir. 2016. Fate and transport of tylosin-resistant 
bacteria and macrolide resistance genes in artificially drained agricultural fields receiving 
swine manure. Sci. Total Environ. 550: 1126–1133. doi: 10.1016/j.scitotenv.2016.01.132. 
Marti, R., A. Scott, Y.C. Tien, R. Murray, L. Sabourin, Y. Zhang, and E. Topp. 2013. Impact of 
manure fertilization on the abundance of antibiotic-resistant bacteria and frequency of 
detection of antibiotic resistance genes in soil and on vegetables at harvest. Appl. Environ. 
Microbiol. 79(18): 5701–5709. doi: 10.1128/AEM.01682-13. 
 Marti, R., Y. Tien, R. Murray, A. Scott, L. Sabourin, and E. Topp. 2014. Safely Coupling 
Livestock and Crop Production Systems : How Rapidly Do Antibiotic Resistance Genes 
27 
 
 
 
Dissipate in Soil following a Commercial Application of Swine or Dairy Manure ? 80(10): 
3258–3265. doi: 10.1128/AEM.00231-14. 
Martínez, J.L. 2012. Bottlenecks in the transferability of antibiotic resistance from natural 
ecosystems to human bacterial pathogens. Front. Microbiol. 2(JAN): 1–6. doi: 
10.3389/fmicb.2011.00265. 
Mathew, A.G., R. Cissell, and S. Liamthong. 2007. Antibiotic Resistance in Bacteria Associated 
with Food Animals: A United States Perspective of Livestock Production. Foodborne 
Pathog. Dis. 4(2): 115–133. doi: 10.1089/fpd.2006.0066. 
Melnyk, A. H., Wong, A., and Kassen, R. The fitness costs of antibiotic resistance mutations. 
Evol. Appl. 8, 273–283 (2015). 
Pachepsky, Y.A., A.M. Sadeghi, S.A. Bradford, D.R. Shelton, A.K. Guber, and T. Dao. 2006. 
Transport and fate of manure-borne pathogens: Modeling perspective. Agric. Water 
Manage. 86(1–2): 81–92. doi: 10.1016/j.agwat.2006.06.010. 
Phillips, I., M. Casewell, T. Cox, B. De Groot, C. Friis, R. Jones, C. Nightingale, R. Preston, and 
J. Waddell. 2004. Does the use of antibiotics in food animals pose a risk to human health? A 
critical review of published data. J. Antimicrob. Chemother. 53(1): 28–52. doi: 
10.1093/jac/dkg483. 
Roberts, M.C., and S. Schwarz. 2016. Tetracycline and Phenicol Resistance Genes and 
Mechanisms: Importance for Agriculture, the Environment, and Humans. J. Environ. Qual. 
45(2): 576–592. doi: 10.2134/jeq2015.04.0207. 
Seiler, C., and T.U. Berendonk. 2012. Heavy metal driven co-selection of antibiotic resistance in 
soil and water bodies impacted by agriculture and aquaculture. Front. Microbiol. 3(DEC): 
1–10. doi: 10.3389/fmicb.2012.00399. 
Song, W., X. Wang, J. Gu, S. Zhang, Y. Yin, Y. Li, X. Qian, and W. Sun. 2017. Effects of 
different swine manure to wheat straw ratios on antibiotic resistance genes and the 
microbial community structure during anaerobic digestion. Bioresour. Technol. 231: 1–8. 
doi: 10.1016/j.biortech.2017.01.054. 
Van Boeckel, T.P., C. Brower, M. Gilbert, B.T. Grenfell, S.A. Levin, T.P. Robinson, A. Teillant, 
and R. Laxminarayan. 2015. Global trends in antimicrobial use in food animals. Proc. Natl. 
Acad. Sci. 112(18): 5649–5654. doi: 10.1073/pnas.1503141112. 
Van Donsel, D.J., E.E. Geldreich, and N. a Clarke. 1967. Seasonal Variations in Survival of 
Indicator Bacteria in Soil and Their Contribution to Storm-water Pollution. Appl. Microbiol. 
15(6): 1362–1370. 
28 
 
 
 
 Wegst-Uhrich, S.R., D.A.G. Navarro, L. Zimmerman, and D.S. Aga. 2014. Assessing antibiotic 
sorption in soil: A literature review and new case studies on sulfonamides and macrolides. 
Chem. Cent. J. 8(1): 1–12. doi: 10.1186/1752-153X-8-5. 
Wilson, D.N. 2014. Ribosome-targeting antibiotics and mechanisms of bacterial resistance. Nat. 
Rev. Microbiol. 12(1): 35–48. doi: 10.1038/nrmicro3155. 
Zhang, Y., A. Li, T. Dai, F. Li, H. Xie, L. Chen, and D. Wen. 2018. Cell-free DNA: A Neglected 
Source for Antibiotic Resistance Genes Spreading from WWTPs. Environ. Sci. Technol. 
52(1): 248–257. doi: 10.1021/acs.est.7b04283. 
Zhou, Z., L. Raskin, and J.L. Zilles. 2009. Macrolide resistance in microorganisms at 
antimicrobial-free swine farms. Appl. Environ. Microbiol. 75(18): 5814–5820. doi: 
10.1128/AEM.00977-09. 
Zhu, Y.-G., T.A. Johnson, J.-Q. Su, M. Qiao, G.-X. Guo, R.D. Stedtfeld, S.A. Hashsham, and 
J.M. Tiedje. 2013. Diverse and abundant antibiotic resistance genes in Chinese swine farms. 
Proc. Natl. Acad. Sci. 110(9): 3435–3440. doi: 10.1073/pnas.1222743110. 
  
29 
 
 
 
CHAPTER 3: 
PERSISTANCE OF ANTIBIOTIC RESISTANT BACTERIA AND GENES IN IOWAN 
SOILS RECEIVING SWINE MANURE  
Elliot Rossow, M.S. Student, Department of Agricultural and Biosystems Engineering, Iowa 
State University 
 
Abstract 
 
The application of swine manure to agricultural fields increases the abundance of antibiotic 
resistance genes (ARG) and antibiotic resistant bacteria (ARB) in soils. While manure-associated 
antibiotic resistant bacteria persist following application, there is potential for their transport 
through tile drainage. The environmental survival of bacteria in soil has been related to moisture 
and temperature, therefore differences in these environmental conditions between spring and fall 
soils may cause manure associated antibiotic resistance to behave differently following 
application. This encouraged exploring differences in the persistence of antibiotic resistant 
bacteria and antibiotic resistance genes in soil when manure is applied at different times of the 
year. In this paper, two analyses determined the persistence of five measures of antibiotic 
resistance in five agricultural systems. Half-lives and least-squared means of ARB and ARG in 
manured soils are compared to determine differences in ARB and ARG persistence between 
agricultural practices. Corn-soybean systems receiving manure in the early fall had longer half-
lives than similar systems receiving manure in the late fall. This research would serve as a 
recommendation for agricultural practices which minimize the persistence of swine-manure 
associated antibiotic resistance. 
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3.1 Introduction 
 
Antibiotics treat and prevent disease while improving feed efficiency in swine, beef, and poultry 
production (Landers et al, 2012). The global consumption of antibiotics in food animal 
production was 63151 tons in 2010 and is likely to exceed 105000 tons by 2030 (Van Boeckel et 
al, 2015). The use of in-feed antibiotics has been associated with shifts in bacterial communities 
and antibiotic resistant bacteria in livestock intestinal tracts (Allen et al.,2010) and their 
associated manures (Heuer et al, 2011). Swine manure replenishes soil N, P, and K used in crop 
production and is typically applied in the spring (prior to planting) or fall (following harvest). 
However, swine manure application has been linked to the transport of antibiotic resistant 
bacteria (ARB) and antibiotic resistance genes (ARGs) in tile drainage (Luby et al, 2016, Garder 
et al, 2014, Fahrenfeld et al, 2014). The risk of transporting ARB and ARG changes seasonally, 
as differences in temperature, soil moisture (Habteselassie et al, 2008, Cools et al, 2008; Van 
Donsel et al, 1967), and seasonal conditions (Van Donsel et al, 1967) determine the survival of 
enteric bacteria. ARB and ARG are increased in soil following application and their persistence 
likely increases the potential for their transport from manured fields in runoff or drainage water. 
The persistence of ARB and ARGs in manured soils is evaluated in this study using half-lives 
(t1/2’s) and contrasts between ARB and ARG abundances in agricultural soils. 
 
Macrolide antibiotics such as erythromycin, tylosin, and tilmicosin reversibly bind to ribosomes 
and inhibit translation (Kannan et al, 2014); this restricts the accuracy of polypeptide chain 
formation and disrupts protein synthesis. Ribosomes’ integral role in protein synthesis and cell 
activity makes them logical targets for antibiotics. Functional groups on macrolide antibiotic 
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compounds are attracted to the ribosome and target ribosomal RNA (Wilson, 2014). Tetracycline 
antibiotics inhibit protein synthesis by binding to the 70S regional unit of the mRNA-ribosome 
complex, preventing the elongation cycle. tRNA is unable to find to the ribosomal attachment-
site in the presence of tetracycline (Roberts et al, 2016). Tetracyclines and macrolide antibiotics 
have been used extensively to treat human and animal disease and were previously a common 
feed additive for livestock growth promotion. The FDA outlawed the subtherapeutic use of 
antibiotics for growth promotion in the United States, effective January 1, 2017, however 
tetracycline and macrolide antibiotics are still used to treat bacterial infections in livestock. 
Cheng et al (2016) demonstrated positive correlations between tetracycline and sulfonamide 
antibiotics and ARGs in swine manure.  
 
Microbial communities in liquid swine manure have wide distributions of antibiotic resistance 
genes. Zhu et al (2013) reported 149 individual ARGs present at commercial swine operations in 
China. Manure resistomes vary by source, livestock feed, and storage environment (Song et al, 
2017). Manure concentrations of individual ARGs vary considerably between studies, as 106 
(Marti et al, 2014) to 6.60 x 1011 (Cheng et al, 2016) copies g-1 manure have been reported from 
similar environments. Total ARGs in manure have been reported as 1.6 x 1010 (Song et al, 2017), 
1.27 x 1012 (Cheng et al, 2016), and 6.79 x 1013 copies g-1 manure. In fields receiving swine 
manure, Chen et al (2017) reported 240 individual ARGs occurred in soils immediately after 
application.  
 
Viable ARB potentially further spread ARGs through reproduction and horizontal gene transfer 
to nearby bacteria. Alternatively, ARGs in soils occur in viable and non-viable cells, as 
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extracellular DNA, and on mobile genetic elements (Allen et al, 2010). Extracellular ARGs make 
up a significant portion of the total ARGs in waste water (Zhang et al, 2018) and therefore, a 
similar phenomenon likely occurs in manure and soils. Because extracellular DNA contributes 
up to 40 % of soil DNA (Carini et al, 2016), the occurrence of ARGs as extracellular soil DNA  
in soils receiving swine manure is highly likely. Extracellular ARGs can be distributed within 
soil communities by integrons and soil bacteria (Gillings et al, 2008), putting them at risk to 
interact with pathogenic bacteria. We assume ARGs do not provide additional fitness beyond 
antibiotic resistance, as ARB are demonstrably less fit than their non-resistant counterparts in 
environments without antibiotics (Lenski, 1998). 
 
This study focuses on four resistance genes: ermB, ermF, tetO, and tetM. The erm genes in this 
study are erythromycin resistance methylases; both conferring resistance to macrolide antibiotics 
by demethylating regional subunits of ribosomal RNA. rRNA subunits are targeted by 
erythromycin and other structurally related antibiotics (Zhou, 2009). The tet genes in this study 
are both ribosomal protection proteins which affect how tetracycline interacts with ribosomes. 
TetO induces a conformational change which releases tetracycline and prevents later binding 
(Connell et al, 2003); tetM allows tRNA to bind to the ribosome when tetracycline is present at 
inhibitory levels (Burdett et al, 1996). Chen et al (2007) noted a positive correlation between erm 
and tet genes in animal production environments. Among erm genes in livestock settings, ermB 
was the most abundant in bovine manure, swine manure, swine waste lagoons, and biofilters 
used to treat manure prior to field application. ErmF was also detected in each environment. 
Additionally, in the same manure environments tet genes followed the same patterns as erm 
genes. The authors partially attributed their similarity to a physical linkage between the genes, 
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potentially being on the same plasmid distributed throughout populations or within the same 
bacteria throughout samples. 
 
Water movement is the primary mechanism transporting manure-associated contaminants in 
agricultural soils (Pachepsky et al, 2006), therefore reducing ARB and ARG levels exported 
through tile drainage is of upmost importance. Bacteria and antibiotic residues are present on 
colloidal surfaces, attached to soil particles, suspended in water held at soil surfaces (Wegst-
Uhrich et al, 2014). Antibiotics and bacteria suspended in solution or attached to soil surfaces 
(clays, organic matter, etc.) are potentially transported from agricultural ecosystems through 
drainage, erosion, runoff, attachment to animals, and crop harvest. Roughly half of agricultural 
land in Iowa is tile-drained, which decreases hydrologic retention and increase oxygen levels 
while lowering the water table. These conditions potentially impact the transport and survival of 
manure-associated ARB and ARG by decreasing ARB and ARG residence time in soils and 
providing a more direct pathway to water bodies.  
 
Investigating the fate and transport of ARB and ARGs in Iowan agricultural systems receiving 
swine manure is important because of their potential impact on public health. Tile drainage from 
fields receiving swine manure transports ARB and ARG from manured soils to tile-fed 
waterways and water bodies across Iowa (Rieke et al, 2018). Elevated ermB and ermF 
concentrations in tile drainage have been attributed to swine manure, however resistant 
enterococci were seldomly detected in the same drainage (Luby et al, 2016). The authors suggest 
horizontal gene transfer to indigenous soil bacteria caused ARGs to be detected more frequently 
in drainage relative to manure-associated ARB. However, the disparity between ARB and ARG 
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transport in tile drainage suggests ARGs persist in soil reservoirs longer than manure-associated 
ARB and are more frequently transported outside agricultural systems. Both ARB and ARG have 
been used to approximate manure-associated resistance, therefore understanding the differences 
in their behaviors in soil following application will aid in discussing the risk of spreading 
manure-associated resistance to pathogenic bacteria. 
 
Luby et al (2015) and Garder et al (2015) demonstrated that ARB and ARG in injected bands of 
swine manure returned to pre-application levels within six months within application, and that 
those levels were not significantly different than soils which had not received manure for 30 
years. The persistence of manure-associated ARGs in soil varies between dry-stack and liquid 
manures, and between gene targets (Fahrenfeld et al, 2014). Habteselassie et al (2008) 
demonstrated colder temperatures slowed the die-off of E. coli, and that moisture content when 
soils freeze affected regrowth when thawed. Cools et al (2001) observed similar trends for both 
Enterococcus and E. coli, confirming increased soil moisture and lower temperatures increase 
bacterial persistence. Seasonal trends in microbial function (Siles et al, 2017) and increases in 
microbial biomass (Franzluebbers et al, 1996) likely also effect the persistence of ARB and 
ARG, as indigenous soil communities drive the survival manure-associated bacterial 
communities in no-till soils (Chen et al, 2017). It is the culmination of these differences in spring 
and fall soil environments that lead us to hypothesize that swine manure-associated ARB and 
ARG persist differently between manure application timings, crop rotations and tillage practices. 
Marti et al (2014) estimated ermB was present in 2-4% of soil bacteria by relative abundance to 
16S-rRNA copies g-1 the day after spring applications. In soils the day following fall application, 
relative abundances of ermB were estimated between 0.01 - 0.03% - a notable decrease spring 
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soils, which suggests seasonal differences in the behavior of manure-associated ARGs in soil 
communities. This could be explained by larger bacterial populations obscuring the relative 
abundances of ARGs in the fall, or vis-versa - lower bacterial populations in the spring obscured 
by manure-associated bacteria following manure application. Abundances of labile nutrients and 
more stable climatic conditions following harvest may favor the development of indigenous soil 
microbial communities prior to manure application. 
 
We hypothesize that measures of manure-associated resistance will persist similarly (i.e. have 
similar persistence rates and abundances) within a single application timing but will persist 
differently between spring and fall applications. Our study observed six measures of antibiotic 
resistance: Enterococcus spp resistant to tylosin or tetracycline (ARB), and resistance genes 
(ermB, ermF, tetO, tetM) were monitored in soils prior to, and following swine manure 
application. If ARB and ARGs persist differently between seasons, are those differences 
significant enough to propose a best-management practice to reduce the spread of ARB and 
ARGs following swine manure applications? This study explores differences between ARB and 
ARGs between crop rotations and application timings to further inform on the fate and transport 
of manure-associated antibiotic resistance. 
 
3.2 Materials and Methods 
3.2.1 Site and Experimental Design 
 
Agricultural systems in combinations of corn-soybean and corn-corn rotations, no-till and chisel 
plow tillage, and manure application timings in the spring and fall were monitored for ARB and 
ARG at the Northeast Iowa Research and Extension Farm (43.0º N, 92.5º W) near Nashua, IA. 
Twenty-four 0.404 ha plots in complete randomized block design were monitored following 
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manure application (tables 3, 4); corn-corn and corn-soybean systems received a single swine 
manure application in the spring, early fall, or late fall. Three replicate plots were monitored in 
each treatment; further description of these plots is presented in Garder et al (2014).  Tilled 
treatments received chisel plow tillage to 22 centimeters. Manure was knife-injected 15-25 cm 
below the surface in bands spaced 76 cm apart. Injection bands (IB) and the spaces between 
them (NB) were monitored in each plot following application. Non-manured corn-soybean 
control plots were field cultivated and received 68 kg (150 lbs.) of nitrogen as urea/ammonium-
nitrate (UAN) prior to corn planting in the spring. Control soils were collected each day samples 
were collected. Tables 3, 4, and A1 describe swine manure applications in four systems and the 
sampling periods following each application.  
 
Sampling intervals were based from ARB and ARG decay rates reported in or determined from 
work by Fahrenfield et al (2014) and Marti et al (2014), in which ARG half-lives ranged between 
.2 and 68 days. ARB seemed more likely to persist for shorter periods following application, 
therefore samples were regularly collected closer to the date of application. Late fall applications 
were monitored in shorter intervals near application because soil temperatures drop below 
freezing within six weeks. The monitored systems allowed for contrasts between application 
timings and cropping rotations for the persistence of ARB and ARG. Comparisons between fall 
and spring applications, and corn-corn and corn-soybean systems was completed using least 
squared means analysis of linear regression. From this point forward treatments are abbreviated 
as EF-CS (early fall application, corn-soybean rotation), LF-CS (late fall application, corn-
soybean rotation), LF-CC (late fall application, corn-corn rotation), and S-CC (spring 
application, corn-corn rotation).  
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3.2.2 Soil and Manure Sampling, and Processing  
Manure samples were collected directly from the injector knife at the time of application for each 
plot to quantify concentrations of ARB and ARG being applied to the field. Manure subsamples 
were sent to the Nebraska Water Center (Lincoln, NE) to be analyzed for common antibiotics. 
Separate soil samples were collected from manure injection bands (IB) and the space between 
them (NB) for 24 plots receiving liquid swine manure. Samples consisted of three soil cores 15 
cm deep and 4 cm in diameter composited into sterile Whirl-Pack bags for the IB and NB. 
Samples were collected over a six-month span; the frequency of sampling was weighted heavily 
near the time of application to accurately quantify the expected rapid decay of analytes. Samples 
were collected until injection bands could no longer be identified or freezing occurred. Limited 
samples were collected after soil temperatures fell below 0 °C using a Giddings Probe to 20 cm 
on December 9, 2017 because freezing occurred less than 30 days after late fall application. Soil 
probes were cleaned and sterilized with 70% ethanol between plots to reduce contamination. 
Samples were transported to Iowa State University on ice and then sieved through a 22 mm 
sieve. Samples were stored at 4 °C for less than 48 h, and -20 °C for less than 6 months prior to 
enterococci enumeration, and DNA extraction, respectively. 
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Table 3. Agricultural systems monitored for ARB and ARG. Spring manure samples are included with the prior year’s fall 
applications for year-by-year analyses.  
 
 
Table 4. Summary of monitored plots and days after application samples were collected; control samples were collected on each day of 
sampling. 
System Manure 
2016 Sampling days after 
application 
2017 Sampling days after 
application 
2018 Sampling days after 
application 
1 UAN - Spring C C C 
2 Early Fall -2, 1, 5, 8, 12, 21, 42 -21, 1, 7, 14, 21, 34, 50, 174 ⸸ 
3.2 Spring ⸸ -24, 1, 6, 23, 50, 78, 223 -15, 1, 5, 11, 20, 33 
4.1 Late Fall - CC -7, 1, 3, 6, 8, 13, 182 -7, 1, 5, 12, 28, 188 ⸸ 
6 Late Fall - CS -7, 1, 3, 6, 8, 13, 182 -7, 1, 5, 12, 28, 188 ⸸ 
⸸ treatments not sampled  
C samples collected at each sampling    
 
 
 
 
 
System 
Crop 
Rotation 
Manure Application 
Application Rate 
(kg N/ha) 
Crop 
relationship 
Tillage 
Dates Applied 
2016 2017 
1 CS Spring UAN - Control 170 Pre-plant Chisel Plow/Field Cultivate N/A N/A 
2 CS Swine - Early Fall 170 Post-harvest No-Till Oct. 6 Oct. 18 
3.2 CC Swine - Spring 225 Pre-plant Chisel Plow Mar. 28 Apr. 12 
4.1 CC Swine - Late Fall 225 Post-harvest Chisel Plow Nov. 2 Nov. 8 
6 CS Swine - Late Fall 170 Post-harvest No-Till Nov. 2 Nov. 8 
3
8
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3.2.3 Enterococci Enumeration 
Soil and manure enterococci were grown on three variants of agar: mEnterococcus (Difco, St. 
Louis, MO), mEnterococcus + 16 mg/L tetracycline (Sigma-Aldrich, St. Louis, MO), and 
mEnterococcus + 32 mg/L tylosin (Sigma-Aldrich, St. Louis, MO). Antibiotic concentrations in 
agar were set at breakpoint levels utilized by the National Antibiotic Resistance Monitoring 
System and outlined by the CLSI antimicrobial susceptibility testing standards (2015). Soil and 
manure enterococci were enumerated using Luby et al (2014)’s adaptation of the APHA (1998) 
waste water membrane filtration method and were reported as CFU g-1 dry soil or mL-1 manure. 
Samples were incubated at 37 +/- .5 °C for 48 h after filtering. Soil and manure samples with 
high enterococci concentrations (> 300 CFU dry g-1 soil) were serially diluted in phosphate 
buffer solution to obtain counts between 30 and 300. To convert wet soil enterococci CFU to 
CFU dry g-1, a ratio of the wet and dry soil weights was determined by taking soil moisture 
measurements were taken before and after oven drying 5 g soil at 105 °C.  
 
3.2.4 DNA Extraction and Gene Quantification  
qPCR assays were used to quantify concentrations of ermB, ermF, tetO, tetM, and 16S-rRNA in 
soil and manure samples. ErmB and ermF were chosen based on previously quantified manure 
and soils from NERF (Garder et al, 2014, Luby et al, 2016). TetO and tetM were chosen based on 
their abundance in previously sequenced DNA from swine manure and soil sampled at NERF 
(unpublished data, 2016). 
  
DNA samples were extracted using a MagAttract PowerSoil DNA Kit (Qiagen, Valencia, CA) 
optimized on an EP Motion Liquid Handler. DNA from three 0.25 g soil subsamples was 
extracted according to the manufacturer protocol and eluted in 100 µL of RNAase-free water. 50  
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µL from three subsample extracts were composited into a 150 µL sample for IB, NB, or control 
soils. DNA concentrations were determined using a Biophotometer and ranged from 30 to 55 ng 
µL-1. Manure DNA was extracted using the same protocol, except 150 µL liquid swine manure 
and 100 µL qPCR-grade water were loaded into wells instead of .25 g soil.  
 
All qPCR reactions were performed in 25 µL volumes on an Opticon CFX96 Touch System 
(BioRad, Hercules, CA) and consisted of 12.5 µL of SsoAdvanced Universal SYBR Green 
Supermix (BioRad, Hercules, CA), 2.5 µL of template, and 5 µL of both forward and reverse 
primers. Primer concentrations and annealing temperatures varied based on their source and were 
optimized by testing combinations of primer concentrations through temperature gradients 5 °C 
Table 5. Primer sequences, qPCR conditions, and LOQ's for individual targets. 
Target LOQ Primer Sequence 
Annealing 
Temperature 
Amplicon 
Size 
Primer in 
25 uL 
reaction 
Reference 
  
copies 
reaction-1 
    ºF bp uM    
ermB 1.40E+03 
FW: GGT TGC TCT TGC ACA CTC AAG 
58.4 191 
12.5 
Koike et al. (2010) 
RV: CAG TTG ACG ATA TTC TCG ATT G 12.5 
ermF 8.75E+02 
FW: CGA CAC AGC TTT GGT TGA AC 
54.3 309 
12.5 
Chen et al. (2007) 
RV: GGA CCT ACC TCA TAG ACA AG 12.5 
tetO 5.00E+02 
FW: AAG AAA ACA GGA GAT TCC AAA ACG 
60 68 
22.5 
Smith et al. (2004) 
RV: CGA GTC CCC AGA TTG TTT TTA GC 22.5 
tetM 5.00E+02 
FW: GCA ATT CTA CTG ATT TCT GC 
60 186 
7.5 
Tamminen et al. (2011) 
RV: CTG TTT GAT TAC AAT TTC CGC 7.5 
16S-
rRNA 
5.00E+02 
FW: ACT CCT ACG GGA GGC AGC AG 
60 53 
12.5 
Fierer et al. (2005) 
RV: ATT ACC GCG GCT GCT GG 12.5 
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above and below previously reported annealing temperatures (table 5). Reactions were run in 
triplicate and amplification products were verified by melt curve analysis and gel 
electrophoresis. All reaction conditions followed the following protocol: 30 s at 95 °C 
(activation), 40 cycles of 95 °C for 15 s (denaturation), 30 s at the primer specific annealing 
temperature (table 5), and a temperature gradient from 65 to 95 °C in 0.5 °C/5 s increments for 
melt-curve analysis of products. 
  
qPCR standards for ermB and ermF were generated by the methods outlined by Luby et al 
(2016). Plasmid-hosted gene fragments were cloned into chemically competent Top-10 One-Shot 
E. coli (Invitrogen Corp., Carlsbad, CA) and grown in LB broth (Difco, Detroit, MI).  Plasmid 
DNA was extracted using a 5 Prime FastPlasmid Mini Kit (Carlsbad, CA). Plasmid 
concentrations were determined using a biophotometer and serially diluted. ermB and ermF, 
standards were prepared as two sets of serial dilutions from plasmid extracts and frozen until use. 
Standards for tetO, tetM, and 16S-rRNA were sequences synthesized as GeneArt DNA strings 
(Thermo Fisher) with the primer target sequences listed in table 5 and the sequences between the 
primers as dsDNA. Five bases of thymine separated the three target fragments on a single string. 
Strings were serially diluted in TE buffer and frozen until use. LOQ’s were determined 
separately for each prepared set of erm standards. Freeze-thaw cycles had little effect on the 
stability of standard curves, however storing strings in qPCR grade water or TE buffer overnight 
in a refrigerator consistently destabilized low concentration standards. 
 
Limits of quantification (LOQ) for qPCR assays were one-half log unit below the last 
quantifiable standard on qPCR runs (Table 5). LOQ’s were determined once all plates had been 
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completed. No template controls (NTC) and negative controls as Pseudomonas stutzeri DNA 
(ATCC 14405) were included on each 96-well plate except for 16S-rRNA assays, where NTCs 
were the only controls on each plate. The melt temperatures of amplified 16S-rRNA gene copies 
varied slightly, but specific peaks could be observed for strings, Pseudomonas stutzeri and 
isolates tested as additional positive and negative controls. Gene concentrations in soil samples 
were calculated by adapting the method outlined by Garder et al (2014). The estimated copies in 
one µL of template in the reaction was multiplied by 300 µL of extract per 0.75 grams of soil. 
This concentration (copies wet g-1 soil) was then converted to a dry-weight basis using the same 
ratio used for enumerating enterococci on a dry weight basis.  
 
 
 
3.2.5 Data Processing and Statistics 
 
Computational analysis and statistics were completed in R 3.4.2 using the packages listed 
in table 6. Two primary statistical analyses were performed on this dataset to further our 
understanding of the persistence of ARB and ARG in different cropping systems. ARB and ARG 
decay rates were calculated using linear regression of natural log-transformed IB concentrations 
of analytes using days after application as the only predicting variable (example: ln(ermB) ~ days 
after manure application). This study applied the first-order model most commonly used to 
approximate the survival of bacteria (Habteselassie et al, 2007). A slope and intercept were 
determined for each log-transformed analyte in manured systems. For all regression analyses, 
intercepts of models were fixed as the concentrations the day following application (A0). We 
describe the persistence of ARB and ARGs using decay coefficients determined from manure 
band soils throughout the sampling period fit to equation 1. [A]t is the concentration at time t and 
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[A]0 is the concentration the day after application. To include zeroes and normalize log 
transformations, one was added to the log-transformation of analytes. Log-transforming equation 
one results in a linear formula (equation 2) in which the slope (βDays after application) is equivalent to 
the decay coefficient, k. Decay coefficients were used to calculate half-lives and compared using 
a least-squared means analysis of a linear model (Equation 5).  
 
 
[A]t = [A]0 • e-kt 
Equation 1. First-order decay equation used to determine half-lives of analytes. 
 
ln([A+ 1]t) = ln([A+ 1]0) - kt 
Equation 2. Log-transformed first-order decay equation; k is the decay coefficient. 
 
t1/2 = ln(0.5)/-k 
Equation 3. Half-life determination. 
 
ln(response / soil dry g) ~ βdays after application+ βtreatment + βyear + βband + (1 | βPlot ) 
Equation 4. The linear mixed effect model used for treatment contrasts of ARB and ARGs. 
 
In addition to first-order models, a linear mixed effect model tested for the effects and 
significance of days after application, application timing, system, and the random effect of plot 
for individual analytes in, IB, NB, and control samples. Linear mixed effect models in the lme4 
package (Bates et al, 2015) quantify effects of factor, continuous, and random variables for 
normally, or log-normally distributed data. For this study, each response (enterococci, 
tetracycline resistant enterococci, tylosin resistant enterococci, ermB, ermF, tetO, tetM) was log 
transformed and individually analyzed (Equation 4).  
 
In equation 4, days after application is a continuous variable, while treatment, year, and band are 
categorical variables. Soil moisture content and soil temperature at the time of sampling were 
initially included as predicting variables, but these were not significant (p-value > 0.05) and were 
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removed from linear mixed effect models. Temperature was not measured in field, however a 
nearby weather station measured soil temperature in 15-minute intervals. Daily average four-inch 
soil temperatures from the weather station estimated soil temperature for all samples taken in a 
day.  
 
After main effects were accounted for, variation within treatments plots was designated as a 
random effect. Least-squared means analysis gave estimates of geometric means of response 
variables for each treatment coefficient in mixed effect models; the least-squared means mimic 
main-effect means but are adjusted for imbalance (Lenth, 2016). Analysis of these models 
compared individual treatment β’s to one another and determined significant differences based 
on ratios of least-squared means. Treatment contrasts of mixed effect models for each analyte 
provide information to discuss overall differences between systems, analytes, and years. 
Contrasts estimate the natural log of the ratio between contrasting treatment β’s (i.e. estimate =   
-0.1366; 0.8723 = [βSpring CC + βLate Fall CC] / [ βEarly Fall CS + βLate Fall CS]. Ratios greater than 1 
suggest treatments in the numerator had greater mean treatment effects than those in the 
denominator and vise-versa, when ratios are less than one the treatment effects in the 
denominator are greater than the treatment effects in the numerator.  
 
ln( k ) =  βSystem+ βAnalyte + βYear + βSoil Temperature 
Equation 5. Linear model used to compare previously determined decay coefficients from 
equation 2. Soil temperatures from a nearby weather station were averaged for all observations 
prior to six-month sampling dates. 
 
Another linear model was developed for the population of k values to discuss differences in 
persistence between analytes (Equation 5). Initially, a model regressing ln(k) by year, treatment, 
analyte, and mean temperature during the first half of the sampling period found temperature to 
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be insignificant and was dropped from the model. The natural log of k was used to obtain a 
normal distribution across all systems and analytes. 
 
 
 
 
Table 6. R packages and commands. 
 
R Library Command Use 
lme4 Lmer Linear Mixed Effect Model to determine significance of days after 
application, system, crop rotation, and account for random effects 
due to plot 
lmerTest Anova Completing type III analysis of variance of an unbalanced lmer 
object  
lsmeans lsmeans, cld Compare the least squared mean differences by treatment and 
analyte, grouping by non-significant differences 
 
 
3.3 Results 
 
3.3.1 Manure concentrations of ARB and ARG 
 
Manure collected at the time of application contained between 6.5 x 103 to 5.99 x 104 CFU mL-1 
tetracycline resistant enterococci and 5.93 x 103 to 5.3 x 104 CFU mL-1 tylosin resistant 
enterococci (table7). Tylosin in manure ranged between 10.35 and 15.89 ug L-1 (table A2). Other 
studies at this site reported 1.1 x 105, 4.0 x 105 CFU mL-1 (Garder et al (2014), and 1.76 x 103 
CFU g-1 (Luby et al, 2014) tylosin resistant enterococci in swine manure. Of all the manure 
applications sampled, the manure concentrations of enterococci resistant to tylosin and 
tetracycline were highest at the spring 2017 application (table 7). Resistant enterococci varied by 
two orders of magnitude between manures; early fall manures had significantly more tylosin 
resistant enterococci than late fall manures (α = 0.05), however tetracycline resistant enterococci 
and ARGs were not significantly different between application timings averaged over both years. 
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On average each plot was over-manured by 800 gallons (table A2), however application rates 
were still significantly different from one another between 150 and 200 lbs N systems. 
 
ErmB was the most abundant ARG in all manures, followed by tetO (table 8); 3.44 x 107 copies 
ermB mL-1 was the highest concentration of any ARG observed from manure, and resulted in an 
estimated 1.08 x 1015 copies applied to manured plots in spring 2018 (Table A2, Table 8). Gene 
concentrations varied within and between manures; generally, ermB was more common than 
both tet genes by an order of magnitude. Other studies at this site have reported 8 x 108 to 6 x 
1012 copies ermB g-1 (Garder et al 2013), 7.29 x 109 copies ermB g-1 (Luby et al 2016), 4 x 107 
copies ermF g-1 (Garder et al 2013), and 1.26 x 108 copies ermF g-1 (Luby et al, 2016). ermF was 
the least commonly detected ARG; it was only found in quantifiable amounts in two manure 
subsamples. Tetracycline resistance genes have not been explored at this site, however soils 
receiving swine manure in Chinese agricultural systems were positive for 19 different tet genes 
(Peng et al, 2017). The differences in erm and tet genes between manures could be due to 
concentrations of antibiotic compounds fed to livestock, or natural variations.  13.35 and 10.35 
ug L-1 tylosin was present in early and late fall manures, respectively, in 2016 (table A1).  
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Table 7. Resistant and non-resistant enterococci concentrations in manures collected at the time of 
application. Late fall systems treated as a single manure. Values are averages of single serially 
diluted manure samples. 
Application Enterococci 
Tetracycline resistant 
enterococci 
Tylosin resistant 
enterococci 
     
   
_____________________________________  CFU mL-1 ______________________________   
Early Fall         
  2016 5.05 x 104 5.99 x 104 5.30 x 104 
  2017 3.91 x 104 2.50 x 104 2.79 x 104 
_______________________________________________________________________________________________________________________ 
Late Fall         
  2016 5.58 x 103 6.50 x 103 5.93 x 103 
  2017 5.78 x 104 1.86 x 104 1.23 x 104 
_______________________________________________________________________________________________________________________ 
Spring          
  2017 2.07 x 104 1.95 x 104 1.81 x 104 
  2018 4.79 x 103 8.71 x 103 8.86 x 103 
Table 8. Mean concentrations of ARGs in manures collected at the time of application.  
System Year 
ermB ermF tetO tetM 
copies mL -1 
EF-CS 2016 5.57 x 105 6.81 x 105 1.22 x 105 1.90 x 103 
LF-CC   +   LF CS 2016 2.41 x 105 ⸸ 4.00 x 104 9.17 x 104 
S-CC 2017 7.28 x 105 ⸸ 8.77 x 104 7.17 x 104 
EF-CS 2017 2.02 x 106 ⸸ 6.32 x 105 7.09 x 105 
LF-CC   +   LF CS 2017 2.18 x 106 8.05 x 103 1.31 x 106 7.04 x 104 
S-CC 2018 3.44 x 107 ⸸ 9.95 x 106 6.27 x 105 
⸸ ARGs not detected.  
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3.3.2 Background levels of enterococci, resistant enterococci in soil 
 
We assume all resistant enterococci are manure associated, as no resistant enterococci were 
observed in control or treatment soils prior to manure application. In our study, ‘background’ 
refers to soil ARB and ARG 2 to 22 days before manure application (Table 4). We expected to 
see differences in background ARB and ARG between fields receiving manure annually and 
semi-annual applications; to do this we contrasted corn-corn and corn-soybean systems for 
resistant enterococci over two years of sampling. There were two observations of tetracycline 
resistant enterococci in control plots following manure application in nearby fields. 
  
Prior to application, soil background enterococci and total bacterial populations (estimated by 
copies of 16S rRNA) were not significantly different between soils with and without histories of 
manure application (p > 0.5), or between treatments (figure 3). This suggests similar levels of 
enterococci in all soils prior to application regardless of timing, as well as a relatively uniform 
extraction of bacteria across soils. Manured systems returned to background levels of resistant 
enterococci before the next application occurred and did not maintain elevated ARB in any 
Figure 3. Concentrations of 16S-rRNA gene copies and non-resistant enterococci for all systems 
(left to right: control, EF – CS, S – CC, LF – CC, LF – CS) prior to manure applications.   
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systems. Corn-corn and corn-soybean systems did not have significant differences in background 
enterococci, even though visually the corn-corn systems appear to have lower background 
enterococci than corn-soybean systems (figure 3).  
 
No tylosin resistant enterococci were detected in control fields (n = 82), while two samples were 
positive for tetracycline resistant enterococci (November 15, 2016 and November 14, 2017). 
These two samples were within two weeks of late fall application and may have been results of 
wind-blown contamination between plots, or a growth cycle of enterococci populations which 
happened to have acquired resistance naturally. These observations do not provide enough 
evidence to assume resistant enterococci inhabit non-manured soils at our site. Non-resistant 
enterococci were positive in 25 of 86 control samples; one sample exceeded 1.2 x 103 CFU dry g-
1 on May 30, 2017. Although the rest of the positive samples ranged from 1 to 94 CFU dry g-1. 
Resistant enterococci were not detected in samples collected prior to manure application, 
however 25% of pre-application samples from manured plots were positive for non-resistant 
enterococci (figure 3). Background ARB and ARG offer a mostly unbiased way of looking at the 
cumulative effect of manure application on soils with histories of manure application and no-
manure controls.  
  
3.3.3 Half-Lives of resistant enterococci 
Half-lives were the primary approximation for persistence in this study; they demonstrate 
differences in persistence between application timings, years, and crop rotations, and similarities 
among ARB and ARGs. We hypothesized that half-lives of ARB and ARG are significantly 
different, and ARGs persist longer than ARB. Before comparing ARB and ARG persistence, the 
following analysis discusses differences in persistence between application timings for resistant 
50 
 
 
 
and non-resistant enterococci. Log-linear regression models for IB concentrations of enterococci 
populations produced decay coefficients (k) for each treatment (figure 4). ARB generally fit first-
order decay models (23 of 24 enterococci analytes significant, p < 0.05). Half-lives determined 
from decay rates (equation 2) are shown in table 9. The longest enterococci half-lives were 
observed in early fall 2016, with all enterococci half-lives exceeding 54 days. The shortest half-
lives occurred in the late fall corn-corn system (t1/2 = 2.3 to 3.1 days). Interestingly, 4-inch soil 
temperature in the weeks following manure application was coldest during the weeks following 
application, as higher temperatures are associated with larger decay coefficients. 
 
3.3.4 Linear Mixed Effect Model: Enterococci 
 
Separate linear mixed effect models (equation 4) were used to simultaneously quantify the 
effects of days after application, agricultural system, year, and band status on enterococci, 
enterococci resistant to tetracycline, or tylosin. Analysis of these models determined all the 
effects included were significant at α = 0.05 for each enterococci population (Appendix A).  
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Figure 4a. Persistence of tetracycline-resistant enterococci following manure applications in manure bands (IB) or between 
bands (IB). NB trendlines include pre-application samples and six-month samples when IB and NB samples could be 
distinguished six months after application.  
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Figure 4b. Persistence of tylosin-resistant enterococci following manure applications in manure bands (IB) or between 
bands (NB). NB trendlines include pre-application samples and six-month samples (when available). 
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Daily average four-inch soil temperatures from a nearby weather station did not have a 
significant effect on, or correlate with ARB or ARG. Linear mixed effect models for resistant 
enterococci determined soil moisture (p = 0.03) and the interactions between moisture and 
agricultural systems (p = 0.004) to be significant when included with all other effects (Appendix 
A – Linear Mixed Effect Model Results: ARB). Band, days after application, and agricultural 
system were more substantially more significant than soil moisture in enterococci models 
(Appendix A – Linear Mixed Effect Model results: ARB). These results suggest soil moisture 
accounts for a small amount of variability of ARB, but the other model effects account for most 
of the variation. 
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F-values for model effects (Table A1) show that IB/NB status (F > 87.33, p < 2.2 10-16), and 
days after application (F > 58.03, p < 4.17 10-13) were the most significant factors in the models. 
Differences were greatest between IB and NB soils, and were significantly affected by the 
Table 9. A summary of decay coefficients and half-lives of ARBs. Half-lives were determined using equation 4 and were not 
calculated if linear regression models were insignficant (R2 <.2). 
Timing 
- 
Rotation Analyte Year Intercept Day 1 [A] 
Half 
Life k 
Standard 
Error 
t-
value p-value 
Adj. R-
Squared 
Mean 
Temperature 
 
  
CFU g-1 
dry soil 
days days-1 days-1 
 
  
°F 
  Ent. 
2016 
3.33 28 54.9 -0.0126 0.0051 -2.49 0.0222 0.2643 
54.68 EF-CS Tet. Ent. 3.32 28 55.7 -0.0124 0.0057 -2.17 0.0433 0.2071 
  Tyl. Ent. 3.314842 28 67.2 -0.0103 0.0059 -1.75 0.0956 0.1454 
  Ent. 
2016 
5.76559 319 24.9 -0.0278 0.0056 -4.95 0.000144 0.6127 
49.42 LF-CC Tet. Ent. 5.10014 164 25.7 -0.0269 0.0062 -4.35 0.000498 0.5482 
  Tyl. Ent. 5.33405 207 24.3 -0.0286 0.0048 -5.90 2.25E-05 0.6931 
  Ent. 
2016 
5.4665 237 24.5 -0.0283 0.0047 -5.99 1.46E-05 0.6865 
49.42 LF-CS Tet. Ent. 5.16126 174 26.1 -0.0265 0.0051 -5.24 6.64E-05 0.6268 
  Tyl. Ent. 4.7928 121 28.5 -0.0243 0.0071 -3.41 0.00335 0.4079 
  Ent, 
2017 
5.47267 238 29.7 -0.0234 0.0070 -3.33 0.00428 0.4189 
59.41 SM-CC Tet. Ent. 4.99086 147 25.0 -0.0278 0.0072 -3.82 0.0014 0.4885 
  Tyl. Ent. 4.3849 80 27.6 -0.0251 0.0085 -2.94 0.009578 0.3518 
  Ent. 
2017 
7.0565 1160 24.6 -0.0282 0.0051 -5.48 4.06E-05 0.6576 
40.91 EF-CS Tet. Ent. 7.46418 1744 19.2 -0.0360 0.0057 -6.31 7.84E-06 0.7107 
  Tyl. Ent. 7.17244 1303 20.7 -0.0334 0.0052 -6.38 6.83E-06 0.7178 
  Ent. 
2017 
7.05805 1162 2.4 -0.2937 0.0432 -6.81 0.000137 0.8659 
36.4 LF-CC Tet. Ent. 6.6061 740 3.1 -0.2245 0.0640 -3.51 0.00798 0.6392 
  Tyl. Ent. 7.68748 2181 2.3 -0.3060 0.0520 -5.89 0.000366 0.8263 
  Ent 
2017 
6.96886 1063 29.5 -0.0235 0.0082 -2.85 0.0157 0.4266 
36.4 LF-CS Tet. Ent. 6.62153 751 20.1 -0.0345 0.0073 -4.75 0.000597 0.6731 
  Tyl. Ent. 7.43187 1689 17.7 -0.0392 0.0078 -5.00 0.000405 0.6918 
  Ent. 
2018 
6.7307 838 4.7 -0.1482 0.0351 -4.22 0.001 0.5456 
64.82 SM-CC Tet. Ent. 6.135 462 5.1 -0.1370 0.0384 -3.57 0.00341 0.4565 
  Tyl. Ent. 5.9595 387 4.5 -0.1538 0.0428 -3.60 0.00325 0.4602 
EF           Early Fall 
LF           Late Fall 
SM          Spring Manure   
CC          Corn - corn  
CS           Corn – soybean 
Ent.          Non-resistant enterococci 
Tet. Ent.   Enterococci resistant to tetracycline  
Tyl. Ent.   Enterococci resistant to tylosin    
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number of days a sample was taken following manure applications. For resistant enterococci, 
agricultural system accounted for more variability than the year of sampling (FSystem
 > FYear), 
suggesting combinations of manure application timing, crop rotation, and tillage influenced the 
differences in enterococci more than environmental conditions varying between years. 
Temperature, precipitation, and biomass production/yield vary annually, and when manure was 
applied explained for variability. Averaged over both years, spring temperatures were warmest 
and late fall temperatures were coldest. Further monitoring of individual combinations of crop 
rotation, tillage, and application timing may reveal more consistent trends within individual 
factors, however a carefully designed factorial experiment is required to determine causation of 
any differences in ARB persistence.  
 
Contrast estimates in table 10 are the natural log of the ratio between the contrasting treatment 
β’s for IB and NB samples (i.e. estimate = -0.1366; 0.8723 = [βSpring CC + βLate Fall CC] / [ βEarly Fall 
CS + βLate Fall CS]. These are examples of likelihood ratio tests. Contrasts between agricultural 
systems showed resistant and non-resistant enterococci were not significantly different between 
corn-corn and corn-soybean systems (p > 0.5) when all applications were considered, however 
this was not the case when contrasting systems receiving manure at the same time. Late fall corn-
corn systems had the highest concentrations of resistant and non-resistant enterococci, while the 
spring corn-corn system had the lowest. Non-resistant enterococci following LF-CC were 
significantly higher than corn-soybean systems (p < 0.01). Contrasting LF-CC and LF-CS 
treatments determined LF-CS had less tylosin-resistant enterococci and more tetracycline 
resistant enterococci. These results suggest crop rotation did not have a definitive effect on the 
survival of resistant enterococci. Spring concentrations of enterococci were not significantly 
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different from the control plots (contrast of system effects p > 0.5) for all enterococci analytes. 
Corn-corn systems receiving manure in either spring or late fall were not significantly different 
for resistant or non-resistant enterococci populations (p > 0.47), suggesting they persisted 
similarly in both systems. Their similarity could be due to a relatively stable soil environment 
produced by continuous corn and annual chisel plow tillage.  
 
Treatment coefficients (βEarly Fall - CS, βLate Fall CS, etc.) are the slopes of linear relationships 
between ARB and each independent agricultural system (i.e. ARB in an Early Fall CS system are 
fit to a slope independently of ARB in all other systems) accounting for both IB and NB soils. 
Each treatment is independently assigned a slope (β) to fit ARB following application, the ratios 
between them are represented in table 10. Ratios of treatment β’s for early fall and late fall 
applications (table 10) show tetracycline resistant enterococci were more persistent in early fall 
systems than late fall and spring systems, although the persistence of tylosin resistant enterococci 
was not significantly different between corn-soybean rotations in the late and early fall. Tylosin 
resistant enterococci were less persistent in the spring than in the fall. Over all treatments in our 
study, the most persistent populations of resistant enterococci were in LF-CC systems. 
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Contrast Systems Enterococcus Estimate Ratio SE T ratio P value 
Spring CC + Late 
Fall CC vs. Early 
Fall CS + LF CS 
Ent -0.1366 0.8723 0.3000 -0.4550 0.6546 
Tet-R 0.0744 1.0773 0.2224 0.3350 0.7382 
Tyl-R 0.0568 1.058 0.233 0.243 0.8078 
Control vs Manure 
Treatments 
Ent 1.2068 3.3427 0.3140 3.8430 0.0007 
Tet-R 1.0758 2.9322 0.2418 4.4490 < 0.0001 
Tyl-R 1.0983 2.9991 0.252 -4.356 < 0.0001 
Late Fall CC vs. Late 
Fall CS 
Ent 0.5740 1.7754 0.4138 1.3870 0.1843 
Tet-R -0.9970 0.369 0.3081 -3.2360 0.0013 
Tyl-R 1.1487 3.154 0.320 3.588 0.0004 
Early Fall CS vs. 
Late Fall CS + Late 
Fall CC 
Ent 0.3822 1.4655 0.3227 1.1850 0.2520 
Tet-R 1.4577 4.2962 0.3102 4.7000 < 0.0001 
Tyl-R 0.7393 2.094 0.252 2.936 0.0035 
Spring CC vs. Early 
Fall CS 
Ent -0.847 0.429 0.437 -1.938 0.0687 
Tet-R -0.848 0.428 0.323 -2.625 0.0091 
Tyl-R -1.0351 0.355 0.341 -3.036 0.0026 
Early Fall CS vs. 
Late Fall CS 
Ent -1.516 0.219 0.481 -3.155 0.0067 
Tet-R -1.956 0.141 0.350 -5.585 <.0001 
Tyl-R -0.1649 0.848 0.295 -0.560 0.5759 
Spring CC vs. Late 
Fall CC 
Ent 0.0952 1.0999 0.3782 0.3470 0.7315 
Tet-R 0.111 1.1174 0.2834 0.3920 0.6955 
Tyl-R -1.200 0.301 0.360 -3.335 0.0009 
 
3.3.5 Soil ARG prior to manure application 
 
We hypothesized differences in background ARGs (figure 5) in systems receiving annual manure 
application, semi-annual applications, and systems which hadn’t received manure for 30+ years. 
Bacterial population sizes estimated by 16S-rRNA copy number were not significantly different 
between soils with histories of manure application and no-manure controls, or between 
background and post- application samples, suggesting a relatively uniform extraction of bacterial 
DNA for soils and manures (data not shown). ARGs were consistently detected in control soils 
Table 10. Contrast estimates of treatment effects in enterococci linear mixed effect models. Contrasts estimate the 
ratio of treatment means over IB/NB, year, and plot while accounting for variation due to days after application. 
Estimates are mathematically equal to ln(β TreatmentA) – ln(β TreatmentB), of the ratio between the contrasted treatment 
β’s. Reported standard errors are of the estimated difference in contrasted treatment β’s. CC: Corn-corn; CS: 
Corn-soybean. Tet-R: enterococci resistant to tetracycline; Tyl-R: enterococci resistant to tylosin. 
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(system 1) before and after application, but at levels similar to background concentrations of 
soils with manure history. Both copy numbers and relative abundances of background ermB were 
not significantly different between control and manured soils. In the first year of sampling, 
annually manured systems had more than 1 x 105 copies ermB prior to manure application. Early 
fall corn-soybean and late fall corn-corn systems had significantly more background tetO copies 
than the control (p < 0.01); all other background ARGs were not significantly different between 
soils with manure history and controls. This suggests that ARGs are not necessarily more 
common in soils with histories of swine manure for the months prior to manure application, at 
least for the genes observed in this study. Soils receiving manure return to background 
concentrations within six months of application in CC and CS systems (Luby et al, 2014; Garder 
Figure 5. Background soil concentrations and relative abundances of ARGs estimated by qPCR 
from samples collected prior to manure application. ‘ARG’ refers to the summed estimates of 
ermB, ermF, tetO, and tetM. From left to right: control – spring UAN, early fall manure CS, 
spring manure CC, late fall manure CC, late fall manure CS. 
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et al, 2014). Relative abundances of ARGs prior to manure application did not appear to follow 
any general pattern between treatments, but individual genes were detected more frequently in 
different systems. Background tetO was more abundant in manure-amended soils than controls, 
however this does not suggest a causal relationship between manure application and increased 
background concentrations of ARGs because of the insignificance differences in ermB, ermF, 
and tetM . The similarity between manured and non-manured soils prior to applications confirms 
previous findings that ARGs return to background levels and do not stay elevated for more than 
six months following application. With this information, the next step is furthering our 
understanding of how long ARGs persist.  
  
3.3.6 Half-lives of ARG 
 
We hypothesized that ARGs within a single application would persist at similar rates, however 
this data suggests otherwise (tables 11, 12). ARG half-lives ranged from 4.8 (ermB, S-CC 2018) 
to 77.7 d (tetO, LF-CC 2017). ARB and ARG half-life means were averaged over the four 
manure-treated systems for two years (table 11); t1/2 system means averaged the four genes over 
two years. Of the ARGs in our study, ermF and tetO were the least, and most persistent averaged 
over all applications, respectively. Following spring 2017, ermF was seldomly detected above 
the limit of quantification for any samples, including manure. TetO had significantly longer half-
lives than any other analyte, suggesting it potentially has some advantage biochemically, or 
manure additions stimulated the propagation of taxa carrying tetO. Background tetO relative 
abundances were notably high in late fall CC and early fall CS systems. Corn-soybean systems 
typically had more variability in half-lives than corn-corn systems; corn-corn systems had one 
occurrence of half-lives within the same application that were significantly different whereas 
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corn-soybean systems had four. ermF, tetracycline resistant enterococci and LF CS systems had 
the lowest standard deviations for mean estimates, suggesting something about the groupings is 
producing more consistent half-lives. For LF-CS systems, this consistency can be partially 
attributed to diverse microbial communities in no-till fields (Lupwayi et al, 1998), as indigenous 
soil microorganisms prevent ARG dissemination following swine manure application in no-till 
systems (Chen et al, 2017).  
  
 
 
Like ARB, log-linear regression models for in-band concentrations of ARG produced decay 
coefficients (k) used to calculate half-lives for each ARG (Table 12). Days after application (d) 
was the only measure used to calculate k values. Half-lives were determined using equation 3 
and were not calculated for ARG which fit the first-order model poorly (p-value >0.05). Twenty-
two of the 34 models were significant (p < 0.05) and at least two ARGS fit first-order models in 
each system. This gave reasonable estimates of the persistence of manure-associated ARG for all 
application timings and cropping systems. Most ARGs had half-lives between 20 and 39 d. The 
longest half-lives of ARGs occurred in EF-CS (ermB, 2016 - 70.6 d; ermB, 2017 – 78.2 d) and 
Table 11. ARG and ARB Half-Lives averaged over treatments for both sampling years.  
Analyte t1/2 Standard deviation 
 ---------------------------- Days ---------------------------- 
ermB 36.4 25.1 
ermF 26.0 9.1 
tetO 46.2 30.4 
tetM 28.0 14.5 
EF CS 56.9 21.8 
LF CS 28.6 8.7 
LF CC 42.8 18.8 
S CC 13.0 7.9 
Enterococcus 24.4 16.3 
Tetracycline resistant Enterococcus 22.5 9.7 
Tylosin resistant Enterococcus 24.1 20.0 
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LF-CC systems (tetO, 2016 – 78.2 d; tetO, 2017 – 77.7 d). Mean ARG half-lives were shortest in 
the spring (2017 – 20.2 d; 2018 – 5.8 d).  
 
Several gene targets that were detected in manure did not fit decay models following applications 
but were intermittently detected (table 8). For example, 1.22 x 105 copies tetO mL-1 was reported 
for early fall manure in 2016, but the first-order model for tetO was not significant; tetO 
followed the same pattern in 2016 LF- CS and 2017 S-CC systems. Alternatively, ermF was not 
detected in manure applied late fall 2016 and spring 2017, but IB soils significantly fit a first 
order decay model. This could be a due to the heterogeneity of manure associated ARGs or in-
field growth of organisms carrying ermF in response to manure application. Hot spots of 
microbial activity are common in soils and occur when labile organics are non-limiting 
(Kuzyakov et al, 2015). IB soils fit the description of hot-moments: environments with excess 
organics and increased microbial activity. Therefore, IB samples likely behave as hot spots and 
hot moments until labile organics are consumed. A similar phenomenon with resistance genes in 
the soil-manure environment is plausible, in which excess C and N stimulated ARB growth and 
horizontal gene transfer between manure and soil bacteria. Evidence of this concept comes from 
IB and NB patterns following application; in corn-corn systems gradual increases in NB and 
decreases in IB soils suggest lateral movement of ARB and ARG. These patterns are likely 
driven by the physical movement of manure-associated resistance and the development of 
resistance in soil bacteria through horizontal gene transfer. 
3.3.7 Linear mixed effect models: antibiotic resistance genes 
Contrasts using linear mixed effect models were used to determine significant differences in 
ARG concentrations between agricultural systems while accounting for the effects of days after 
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application, band, and system. Water content and four-inch soil temperatures were initially 
included as effects but were not significant and removed from models. Linear mixed effect 
models for ermB, ermF, tetO, tetM, and the cumulative ARG copy number quantitatively 
compared these effects. For ermB, tetO, tetM, and ARGsum, the band effect was highly 
significant (p < 2.0 x 10-15); band had a less significant effect on ermF (p < 4.6 x 10-5), 
suggesting IB and NB ermF levels were more similar than other ARGs. This is likely due to the 
low detection of ermF following spring 2017 applications. Days after application significantly 
affected ermB, tetM, and ARGsum, but not ermF and tetO. This suggests neither ermF or tetO 
abundance significantly changed throughout monitoring. Year had a significant effect in each 
model except tetO. The system effect was significant for ermF (p < = 0.006), and highly 
significant (p < 1 x 10-6) for ermB, tetO, tetM, and ARGsum. These findings suggest ARGs 
persisted differently between agricultural systems. System and band effects accounted for the 
largest differences in ermB, tetO, tetM, and ARGsum models; therefore, systems accounted for 
more variability than days after application and the sampling year. These F-values are important 
because they demonstrate that ARGs behaved differently between agricultural systems. To 
determine which systems ARB and ARGs persisted in longest, contrasts of least-squared means 
compare the ratios of system effects in linear mixed effect models.  
 
Eight contrasts were completed for each analyte (table 13). ermF was not significantly more 
abundant in manured systems compared to controls, however ermB, tetO, and tetM all were 
significantly higher in systems receiving manure. Between crop rotations, only ermB persisted at 
significantly higher rates in corn-corn systems than in corn-soybean systems. There were no 
significant differences in the persistence of ARG following CS and CC applications of late fall 
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manure applications, suggesting tillage within a single application timing does not affect the 
persistence of ARG.   
 
Over all analytes, treated soils had significantly more resistant enterococci, ermB, tetO, and tetM. 
Between CS systems, tetM was more abundant following late fall applications. Between CC 
systems, ermF was more abundant in the spring and tetM was more abundant in the late fall. 
Tetracycline and tylosin resistant enterococci were most persistent following early fall 
applications. While both types of resistant enterococci were more persistent in early fall than late 
fall systems, the same contrasts showed tetM to be more persistent in late fall (within and 
between crop rotations). ermB and ermF were more persistent in soils receiving manure in the 
spring compared to early fall corn-soybean system. TetM was most persistent in late fall systems. 
Contrasts between manured systems and control soils (tables 11, 13) suggest any application 
timing results in significantly more ARB and ARG than non-manured controls, however between 
systems there were few significant differences.  
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Table 12. A summary of first order decay models and half-lives of ARGs. Half-lives were determined using equation 
3 and were omitted if linear regression models were insignificant (p > 0.15). 
System Year Analyte Intercept 
Day 1 
[A] 
Half Life k 
Standard 
Error 
Adj. R-
Squared 
p-value 
Mean 
Temperature 
 
ln(copies 
g-1 dry 
soil) 
copies g-1 
dry soil 
days days-1  °F 
EF-CS 2016 
ermB 17.1 2.67E+07 79.9 -0.0087 0.0034 0.3025 0.0058 
54.68 
ermF 20.4 7.11E+08 31.5 -0.0220 0.0075 0.3166 0.0058 
tetO 14.7 2.51E+06 NS -0.0001 0.0051  0.3615 
tetM 14.6 2.23E+06 53.0 -0.0131 0.0049 0.2989 0.0074 
LF-CC 2016 
ermB 17.9 6.17E+07 30.7 -0.0226 0.0056 0.5158 0.0010 
49.42 
ermF 15.8 7.59E+06 NS -0.0176 0.0175  0.2750 
tetO 15.2 4.02E+06 66.4 -0.0104 0.0048 0.2787 0.0207 
tetM 14.8 2.75E+06 31.0 -0.0223 0.0060 0.4777 0.0009 
LF-CS 2016 
ermB 18.5 1.06E+08 29.9 -0.0231 0.0029 0.8132 5.65E-07 
49.42 
ermF 17.7 4.74E+07 16.2 -0.0428 0.0210 0.1614 0.0574 
tetO 15.4 5.05E+06 NS -0.0013 0.0034 0.1139 0.7080 
tetM 15.2 3.84E+06 33.8 -0.0205 0.0078 0.2997 0.0186 
S-CC 2017 
ermB 17.3 3.42E+07 21.3 -0.0325 0.0045 0.7766 1.84E-06 
59.41 
ermF 16.4 1.32E+07 22.9 -0.0302 0.0076 0.5027 0.0011 
tetO 14.8 2.81E+06 NS -0.0034 0.0047 0.0807 0.1593 
tetM 13.7 8.78E+05 19.8 -0.0349 0.0042 0.8175 1.62E-07 
EF-CS 2017 
ermB 16.6 1.64E+07 99.7 -0.0070 0.0030 0.3917 0.0025 
40.91 
ermF 9.2 9.60E+03 NS 0.0026 0.0114  0.6084 
tetO 16.3 1.23E+07 NS -0.0064 0.0072  0.3928 
tetM 11.3 8.25E+04 NS 0.0166 0.0200  0.4406 
LF-CC 2017 
ermB 16.5 1.51E+07 36.2 -0.0192 0.0069 0.4244 0.0094 
36.4 
ermF 8.0 3.12E+03 NS -0.0053 0.0110  0.4368 
tetO 15.4 5.05E+06 NS -0.0073 0.0043 0.3073 0.1220 
tetM 14.9 3.03E+06 37.1 -0.0187 0.0063 0.463 0.0130 
LF-CS 2017 
ermB 17.5 4.17E+07 29.0 -0.0239 0.0045 0.7675 0.0005 
36.4 
ermF 8.3 3.85E+03 NS -0.0047 0.0146  0.7560 
tetO 16.3 1.20E+07 41.8 -0.0166 0.0044 0.6288 0.0058 
tetM 15.5 5.39E+06 NS -0.0185 0.0136  0.2080 
S-CC 2018 
ermB 17.1 2.64E+07 5.6 -0.1241 0.0367 0.5173 0.0049 
64.82 
ermF 8.7 6.27E+03 NS -0.0230 0.0376  0.5520 
tetO 15.8 7.47E+06 8.4 -0.0830 0.0278 0.5321 0.0138 
tetM 14.7 2.42E+06 6.9 -0.1007 0.0412 0.3649 0.0296 
*   insignificant fit to first-order model. Standard errors reported refer to individual β’s for ARGs. 
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Table 13. Contrast estimates of treatment effects in ARG linear mixed effect models. Contrasts 
estimate the ratio of treatment means over IB/NB, year, and plot while accounting for variation due to 
days after application. Estimates are mathematically equal to ln(β
 TreatmentA
)
 
– ln(β
 TreatmentB
), the ratio 
between the contrasted treatment β’s. Reported standard errors are of the difference in contrasted 
treatment β’s. CC: Corn-corn; CS: Corn-soybean. 
 
 
  
Contrast Systems Resistance Gene Estimate Ratio SE T ratio P value 
Spring CC + Late Fall CC  
vs.  
Early Fall CS + Late Fall CS 
ermB 1.0389 2.8262 0.3887 2.6730 0.0178 
ermF 0.7352 2.0860 0.6049 1.2150 0.2251 
tetO 0.0935 1.0980 0.2802 0.3340 0.7389 
tetM 0.6361 1.8891 0.4403 1.4450 0.1495 
Control  
vs  
Manure Treatments 
ermB -3.6910 0.0249 0.4171 -8.8500 < 0.0001 
ermF -0.7564 0.4694 0.6666 -1.1350 0.2573 
tetO -3.8725 0.0208 0.3141 -12.329 < 0.0001 
tetM -3.3576 0.0348 0.4798 -6.9990 < 0.0001 
Late Fall CC  
vs 
. Late Fall CS 
ermB 0.5845 1.7941 0.5348 1.0930 0.2936 
ermF -0.6423 0.5261 0.8249 -0.7790 0.4347 
tetO 0.4219 1.5248 0.3550 1.1990 0.2357 
tetM 0.8219 2.2749 0.6024 1.3640 0.1734 
Early Fall CS  
vs.  
Late Fall CS + Late Fall CC 
ermB -0.8510 0.4270 0.4206 -2.0230 0.0609 
ermF 0.7710 2.1619 0.6578 1.1720 0.2420 
tetO -0.1804 0.8349 0.2840 -0.6350 0.5259 
tetM -2.0361 0.1305 0.4768 -4.2700 < 0.0001 
Spring CC  
vs.  
Early Fall CS 
ermB 1.4933 4.4519 0.5658 2.6390 0.0187 
ermF 2.1128 8.2712 0.8855 2.3860 0.0176 
tetO -0.2349 0.7907 0.4328 -0.5430 0.5878 
tetM 0.4503 1.5688 0.6409 0.7030 0.4828 
Early Fall CS  
vs.  
Late Fall CS 
ermB -0.5588 0.5719 0.4978 -1.1230 0.2735 
ermF 0.4498 1.5680 0.7820 0.5750 0.5655 
tetO 0.0306 1.0310 0.3433 0.0890 0.9291 
tetM -1.6251 0.1969 0.5722 -2.8400 0.0048 
Spring CC  
vs.  
Late Fall CC 
ermB 0.3501 1.4191 0.6094 0.5740 0.5771 
ermF 3.2049 24.6534 0.9398 3.4100 0.0007 
tetO -0.6262 0.5346 0.4460 -1.4040 0.1615 
tetM -1.9968 0.1358 0.6811 -2.9320 0.0036 
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of ARB and ARG, however between timings there were not consistent results to establish a best 
management practice for application timing.  
 
3.4 Discussion 
 
3.4.1 Enterococci 
 
Both tetracycline resistant and tylosin resistant enterococci behaved similarly to non-resistant 
enterococci in all systems, suggesting the resistant enterococci are well-dispersed among soil 
enterococcus following manure application. Tetracycline resistant enterococci CFU’s were 
arbitrarily higher than non-resistant enterococci in 2016, and a similar trend was observed with 
tylosin resistant enterococci in 2017. As viable colony forming units, resistant enterococci 
estimated ARG-carrying, viable enteric bacteria in soil environments. Enterococci survival at 
different times of the year wasn’t significantly affected by soil moisture content or average daily 
4-inch soil temperature (α = 0.05). Enterococci growth followed early fall applications in both 
years before declining; resistant and non-resistant enterococci were more abundant at day 7 and 
day 14 following application. Observing this growth in both years suggests some favorable 
condition exists for enterococci at the time of application. Antibiotic resistant enterococci were 
present at IB six months following application in early fall systems, suggesting persistence 
beyond six months in some conditions. Excess nutrients from manure, decomposition products, 
increased pore connectivity, or stable moisture contents could promote maintenance and growth 
of ARB populations. The highest concentrations of enterococci in spring and late fall systems 
were observed in soils immediately following application.  
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The differences in these two patterns could be attributed to physical or biological factors that 
vary with the time of year. Philippot et al (2009) determined the occurrence of hot moments 
relates to seasonal vegetation behaviors such as leaf litter in fall and root growth in spring, 
therefore similar hot moments likely occur in agricultural systems. Soil microbial functional 
gene diversity (i.e. genes actively being expressed) varies between seasons while the relative 
abundances of microbial community constituents remain constant in forest soils (Siles et al, 
2017). We suggest these similar changes in activity occur in agricultural soils and relate to 
competition within soil communities, in which manure-associated ARB survive poorly. Manure 
applied after immediately crop harvests (early fall) encounters an environment where corn root 
biomass, stover, and litter are already being decomposed by soil fungi and bacteria. Post-harvest 
soils favor bacterial growth because of the abundance and diversity of labile nutrients. Therefore, 
manure associated communities applied immediately after harvest encounter a ‘primed’ soil, in 
which microbial activity is already high and bacterial processes are ongoing. The shorter half-
lives in the spring and late fall are representative of soil communities that are nutrient limited, 
and in which soil ARB are restricted to manure-associated nutrients for survival. These concepts 
fit well within the literature of microbial hot spots as reviewed by Kuzyakov et al (2015), as 
nutrient limitation and physical connections delivering nutrients to bacteria drive the occurrence 
of hot spots and hot moments.  
 
Most enterococci half-lives ranged between 20-30 days, which is considerably longer than the 
ARG half-lives suggested by Fahrenfeld et al (2014) but are very similar to those determined 
from Marti et al (2015). Warm fall temperatures may have encouraged decomposition of above 
ground plant biomass and roots, and therefore providing an environment capable of supporting 
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widespread microbial growth. The warm and wet conditions throughout October and November 
2016 likely played a role in the longer persistence of enterococci in early fall systems; labile 
carbon and nitrogen are abundant in fields following harvest, and above average rainfall 
transported and connected manure-associated nutrients to the field as well. The combinations of 
these environmental conditions may have allowed for propagation of manure associated ARB.  
 
Seasonal trends in soil environments and microbial ecology likely dictate the general survival of 
manure-associated enterococci, however the diverse biological and physical mechanisms 
determining the fate of enterococci are much more complex than this study observed. General 
trends across seasons revealed longer half-lives in the early fall than the late fall and spring. 
While early fall ARB and ARG persisted longer, lower concentrations were observed in soils 
immediately following application in early fall systems. Half-lives shorter than five days 
occurred in both the spring and late fall, both in corn-corn systems. Predation by protozoa and 
predator bacteria likely play some role in the survival of enterococci and other manure-
associated bacteria (Byappanahali et al, 2012; Pachepsky et al, 2006).  
 
The prolonged period of low biological and hydrologic activity in the winter likely reduces the 
amount of transport in tile drainage. Prior to freezing, low temperatures and potentially strained 
nutrient pools may cause bacterial die off; any soil organisms in soils at freezing likely will be 
frozen into homeostasis and maintain their physical position until soils thaw. As surface soil 
freezes, the temperatures throughout the profile gradually decrease; soil water below the frost 
line will continue to percolate through the profile, carrying ARB and ARG in solution until the 
ground freezes. Keeping ARB in a frozen, non-mobile setting following late fall applications 
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poses arguably less risk compared to spring-applied or early fall-applied manures. Snow melt 
leaches partially decomposed organics through biopores and cracks in soil profiles to lower 
positions in landscapes (Kuzyakov et al, 2015). Maintaining manure-associated populations in 
frozen top-soils through overwintering potentially releases ARB into drainage during spring 
thaws. Overall, there was no individual system monitored in this study which had notably less 
ARB, or ARB that persisted for distinctly shorter periods.  
  
 
3.4.2 Resistance Genes 
 
  
Overall, ARGs persisted longer than enterococci. However, closer examination of ARGs within 
applications shows gene half-lives varied by more than 30 days, while others varied by less than 
two days. Half-lives of ARB and ARG averaged over all treatments, analytes, and years were 
different (23.7 and 34 days, respectively), and patterns in the persistence of ARGs in IB and NB 
soils were dissimilar (appendix C), partially from the intermittent detection of ARGs in 
background and NB samples. The significant ARG models for early fall manure were ermB and 
ermF in 2016, and ermB and tetM in 2017. For ermB in both years and ermF in 2016, NB 
concentrations remained at background levels as IB concentrations consistently declined. IB 
resistant enterococci increased for the two weeks following application, however only tetO 
followed the same trend (Appendix C, figure 3C). NB tetM increased following application, 
while IB tetM was at similar concentrations immediately after application and six months after. 
IB and NB tetO were consistent following application when all replicates were included. In late 
fall corn-corn systems, first order models were significant for all ARGs except ermF in 2017 
(Table 12). NB levels of tetO increased following application, however other NB ARGs were 
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consistently at background levels. IB and NB tetM was detected at consistent levels in late fall 
corn-corn systems, although IB soils still fit first order decay models. TetO increased in NB soils 
following application in 2017. IB tetO followed the first order model both years, but NB 
concentrations stayed consistently near background in 2016. The behavior of tetO in CC and CS 
late fall systems was similar in 2017; NB tetO increased while IB decreased. Spring CC showed 
evidence of ARGs moving from IB to NB soils; NB tetO (2017, 2018) and ermF (2017) were 
significantly higher than background one month after application, while IB levels had 
significantly decreased since application. Other ARGs monitored did not follow this pattern; the 
remaining IB ARGs fit first order models well both years, and NB concentrations remained near 
background.  
 
3.4.3 Comparing the persistence of ARB and ARG 
 
Enterococci fit the decay models better than resistance genes (table 9, 11) – this could be for a 
variety of reasons. Manure-associated enterococci could be poorly suited for the soil 
environment. In the spring and late fall, the manure associated enterococci immediately declined, 
more or less fitting a first-order decay model. This did not occur following early fall 
applications, where in both years a period of enterococci growth occurred within seven days of 
application. The transferability and mobility of ARGs may have caused poor-fits for ARGs. 
ARGs are present in actively reproducing cells, cells in homeostasis, on extracellular plasmids 
and on soil surfaces. Resistant enterococci simpler to follow, manure-associated and only 
estimated by living cells. This is an important distinction, as culturable enterococci are an 
estimate of the persistence of the original manure communities can further disseminate ARGs, 
thus making the research presented in this study novel. By monitoring the phenotypic and 
genotypic markers of manure associated resistance and identifying differences between we 
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advance the understanding of differences in the persistence of ARB and ARG. Observed ARGs 
in soil could be from any of those sources. The decay rates of resistant enterococci within a 
single application timing suggest that manure-associated enterococci persisted at similar rates 
following application and returned to background concentrations within three months. 
 
The input of labile substrate to soil hotspots removes nutrient limitations, triggers microbial 
activity and thus drives hot moments (Kuzyakov et al, 2015). Animal feces is already rich with 
microbial activity and labile substrate at the time of application, therefore manure manure drives 
hot spots and hot moments following application. In a sense, half-lives estimate the longevity of 
the hot spots and hot moments in this study.  
 
The persistence of ARB and ARGs in soil is likely influenced by both micro- and macroscale 
soil processes dictated by soil type, crop, and management practices, as these factors are 
determinant of microbial community structure (Garbeva et al, 2004). The insignificance of 4-
inch soil temperature on k values and in linear mixed effect models for ARB and ARG was 
unexpected, as the effects of temperature and moisture are among the most important 
environmental factors impacting microbial growth and activity in soils (Maienza et al, 2014). 
Adsorption to soil surfaces (Liu et al, 2013), transport to inner portions of aggregates, and 
physiochemical interactions with colloidal particles (Zhao et al, 2014, Liu et al, 2013) also likely 
determine the persistence of ARB and ARG at the micro-scale. ARG k values were not 
significantly different between genes, however mean k values of ARB and ARG in agricultural 
systems were significantly less persistent in spring corn-corn systems than early fall corn-
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soybean systems (p = 0.04). No other contrast of k values between systems was significant (data 
not shown). 
 
One of the objectives of this study was to compare the persistence of difference classes of 
antibiotic resistance, as previous work by Durso et al (2016) and Cadena et al (2018) 
demonstrate ARGs behave differently based on mechanisms of action within classes of 
resistance. Mean half-lives of tetracycline resistant enterococci, tetO, and tetM were 26.9 d and 
approximated tetracycline-associated resistance. Macrolide resistance approximations (tylosin 
resistant enterococci, ermB, ermF) had a mean half-life of 29.4 d over both years. The small 
differences in these means did not suggest differences in the persistence of macrolide and 
tetracycline associated resistance following application. The mechanisms of action of all targets 
in this study involved ribosomal protection, therefore no conclusions based on resistance 
mechanisms could be made. Future studies of the persistence of different classes of resistance 
would benefit from quantifying the decay of antibiotic compounds in addition to ARB and ARG. 
 
Differences within treatments show that manure-associated ARGs persist at different rates, 
although most had half-lives between 20 and 39 days. Within most treatments, ARB were less 
persistent than ARGs; numerically, this is driven in part by particularly persistent ARGs within 
systems. The linear model in equation 5 was used to investigate the effects of each system, year, 
and soil temperature on ARB and ARG k values (equation 2, n = 56) and determined each effect 
except temperature to be significant, suggesting k values did not correlate with temperature. 
When only considering enterococci k values, soil temperatures for sampling periods were 
significant (estimate: 0.01962 ln(k) C° -1, p = 5.02 x 10-5). The interaction between system and 
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soil temperature was also highly significant (p = 7.26 x 10-10), suggesting the mean temperature 
for the sampling periods each season drove changes in the persistence of resistant and non-
resistant enterococci, but not ARGs. Corn-corn systems receiving annual manure had the largest 
variability among enterococci samples; the standard errors of the late fall 2017 and spring 2018 k 
values were an order of magnitude higher than all others.  
Table 14. Significance of ARB and ARG differences between application 
seasons, approximated by contrasts of linear mixed effect models. 
Resistance Approximation Result 
Enterococcus More persistent in fall 
Tet. Res. Enterococcus More persistent in fall 
Tyl. Res. Enterococcus More persistent in fall 
ermB Insignificant difference 
ermF More persistent in spring 
tetO Insignificant difference 
tetM Insignificant difference 
ARGsum Insignificant difference 
 
 
3.5 Conclusions 
 
This study furthered our understanding of how long field-applied ARB and ARG persist in soils 
following application. This study used half-lives and linear mixed effect models to quantify 1) 
the number of days following application half of the initial ARB and ARG concentrations 
reduced by 50%, and 2) the effects of manure application timing, tillage and crop rotation, and 
days after application on ARG persistence in soil following swine manure application. This study 
determined these effects are significant and the persistence of ARB and ARG vary within and 
between cropping systems. Both erm and tet resistance genes had similar average half-lives, 
however tetO had significantly longer half-lives than other ARGs. This study determined that 
application timing did not decisively lengthen or shorten the persistence of ARB and ARG when 
half-lives were used to approximate persistence, however significant differences between timings 
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occurred. EF-CS systems had longer average half-lives than other systems, but most ARB and 
ARG half-lives ranged between 20 and 30 days. Least squared means analysis of linear mixed 
effect models determined significant differences between agricultural systems, manure 
application timings, and crop rotations. When comparing spring and fall approximations of 
resistance, ARB persisted longer following fall applications (tables 13). ErmF persisted longer in 
spring, but the persistence of all other ARGs was not significantly different between seasonal 
applications. 
 
Applying swine manure in the early fall in corn-soybean rotations prolonged the persistence of 
ARB and ARG relative to applications in the late fall and spring. Corn-corn and corn-soybean 
systems did not have absolute differences in abundances or half-lives when application timings 
were ignored, but ARB and ARG were more persistent in corn-corn rotations receiving manure 
in the late fall than corn-soybean rotations receiving manure at the same time. Regarding the 
‘risk’ of spreading ARG to pathogenic bacteria which ultimately end up interacting with human 
subjects – this study shows the application of manure at different times of the year does not 
predict the persistence of ARB or ARG in soils which potentially interact with pathogenic 
organisms pertinent to human health. Within manure applications ARGs may persist at different 
rates, therefore strategies to reduce the total ARB and ARG loaded to fields at the time of 
application should be considered.  
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APPENDIX A: ADDITIONAL INFORMATION: IN FIELD PRACTICES 
 
Table A1. Common antibiotics in manures applied at Northeast Iowa Research and 
Extension Farm analyzed May 5, 2017.  
Manure Antibiotic 
 Ampicillin Erythromycin Tylosin Tiamulin 
-------------------------------- µg L-1 -------------------------------- 
2016 Early Fall 0 0 13.35 16.9 
2016 Late Fall 0 0 22.3 10.35 
2017 Spring ⸸ ⸸ ⸸ ⸸ 
2017 Early Fall ⸸ ⸸ ⸸ ⸸ 
2017 Late Fall ⸸ ⸸ ⸸ ⸸ 
2018 Spring ⸸ ⸸ ⸸ ⸸ 
⸸ Manure not analyzed for antibiotics 
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Table A2. A summary of in-field manure application and tillage practices. Wanted gal/plot 
were determined by nitrogen application rates either 150 or 200 lbs/acre. 
 Swine Manure Application Rate Tillage 
2016 Treatment System ID Plot Wanted Applied Date Date 
 ----- Gallons -----  
Early Fall – CS 2 
11 
2459 
2930 
10/6/2016 NT 23 3370 
27 3309 
Late Fall – CC 4.1 
5 
3279 
4566 
11/2/2016 11/10/2016 21 4475 
26 4620 
Late Fall – CS 6 
14 
2459 
3850 
11/2/2016 NT 25 3820 
31 3810 
Spring – CC 3.2 
6 
3150 
4000 
4/10/2017 5/17/2017 32 3840 
36 3800 
2017 Treatment  
Early Fall – CS 2 
1 
2852 
3675 
10/19/2017 NT 7 3900 
30 3660 
Late Fall – CC 4.1 
5 
3683 
3610 
11/8/2017 11/16/2017 21 3560 
26 3710 
Late Fall – CS 6 
2 
2762 
3610 
11/8/2017 NT 16 3560 
20 3710 
Spring – CC 3.2 
6 
3146 
⸸ 
4/12/2018 ⸸ 32 ⸸ 
36 ⸸ 
⸸         Data currently unavailable 
NT      No-till  
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APPENDIX B: LINEAR MIXED EFFECT MODEL RESULTS: RESISTANT 
ENTEROCOCCI ESTIMATES AND ANOVA 
 
Table B1. ANOVA results for enterococci linear mixed effect models. Degrees of freedoms were 
determined by Satterthwaite approximation (pooled degrees of freedom for independent sample 
variances). 
Analyte Band 
Days After 
Application 
Agricultural 
System 
Year 
  F-Value P-value F-Value P-value 
F-
Value 
P-value 
F-
Value 
P-value 
Enterococcus 190.5 2.20E-16 56.409 4.87E-13 9.8 1.58E-07 13.737 0.00024 
Tetracycline 
Resistant 
Enterococcus 
321.2 2.20E-16 80.59 < 2.2e-16 12.2 2.53E-09 8.22 0.00439 
Tylosin Resistant 
Enterococcus 
312.2 < 2.2e-16 72.09 4.44E-16 18.9 3.75E-14 14.262 0.00019 
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APPENDIX C: LINEAR MIXED EFFECT MODELS AND ANOVA: resistance genes 
 
 
Table C1. ANOVA results for ARG linear mixed effect models. Degrees of freedoms were 
determined by Satterthwaite approximation (pooled degrees of freedom for independent sample 
variances). 
Analyte Band 
Days After 
Application 
Agricultural 
System 
Year 
 F-Value P-value F-Value P-value 
F-
Value 
P-value F-Value P-value 
ermB 183.847 <2.2e-16 10.655 1.22E-03 22.1 2.94E-06 9.3 1.71E-04 
ermF 17.035 4.63E-05 2.661 1.04E-01 3.64 6.38E-03 33.5 5.31E-14 
tetO 99.856 <2e-16 0.229 6.33E-01 39.2 <2e-16 1.09 3.36E-01 
tetM 152.882 <2.2e-16 4.894 2.76E-02 16.7 1.57E-12 2.73 6.66E-02 
ARGsum 175.761 <2.2e-16 3.52E+01 9.41E-09 20.7 6.99E-15 30.26 1.52E-12 
ARGsum: Sum of all ARG. 
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APPENDIX D: IB AND NB TRENDS IN RESISTANCE GENES 
 
 
Figure D1. Persistence of ermB following manure applications in manure bands (IB) and between bands 
(NB). NB trendlines include pre-application samples and six-month samples (when available). Systems 
(top to bottom): control (1), early fall CS (2), spring CC (3.2), late fall CC (4.1), late fall CS (6). 
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Figure D2. Persistence of ermF following manure applications in manure bands (IB) and between 
bamds (NB). NB trendlines include pre-application samples and six-month samples (when available).  
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Figure D3. IB and NB tetO following manure applications. NB trendlines include pre-application 
samples and six-month samples (when available). 
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Figure D4. IB and NB tetM following manure applications. NB trendlines include pre-application 
samples and six-month samples (when available). 
   
 
